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In the famous Quiet Room at Bell Laboratories, this young volunteer 
records speech for analysis. Scientists seek to isolate the frequencies 
and intensities which give meaning to words . . . stripping away non- 
essential parts of word sounds to get the basic “skeleton” of speech. 


A child or an adult... a man or a woman... 
an American or an Englishman—all speak a certain word. Their 
voices differ greatly. Yet listeners understand the word at once. 
What are the common factors in speech which convey this infor- 
mation to the hearer’s brain? 


Bell scientists are searching for the key. Once discovered, it 
could lead to new electrical systems obedient in new ways to the 
spoken word, saving time and money in telephony. 


Chief tool in the research is the sound spectrograph which 
Bell Telephone Laboratories developed to make speech visible. 
Many kinds of persons record their voices, each trying to duplicate 
an electrically produced “‘model’’ sound. While their voice patterns 
are studied, a parallel investigation is made of the way human 
vocal cords, mouth, nose and throat produce speech. 


Thus, scientists at Bell Laboratories dig deeply into the funda- 
mentals of the way people talk, so that tomorrow’s telephone 
system may carry your voice still more efficiently—offering more 
value, keeping the cost low. 


time 0.6 seconds 


Spectrograms of young girl’s voice (right) and man’s vice 
making “uh” sound as in “up.” Horizontal bars reveal freqe- 
cies in the vocal cavities at which energy is concentrated. The 
top of the picture is 6000 cycles per second. Pictures show how 
child’s resonance bars are pitched higher than man’s. 


bar number 
w 


----Man 
— Girl 
\ T T 


-+—+—4 


ratio bar 2 tobar3 


ratio bar | to bar 3 


The word “five.” Graph shows ratio of frequency of spectrog'@ 
bars. The solid line is for a girl and the dotted line is for 2" 
Note the similar patterns despite pitch differences. Hum 
hearing extracts the speech sounds from this sort of pattern 

the identification of words. Scientists aim at machines that @ 
do the same. 


BELL TELEPHONE LABORATORIES 


Improving telephone service for America provides careers for creative men in scientific and technical fields. 


' 
i 
! 
' 
= | 
ae 
oda 
j 


d man’s voice 
reveal frequen 
centrated. The 
ures show how 
nan’s. 


| 


spectrogra” 
ne ig for aman 
rences. Huma 
of pattern 

chines that cal 


Film Formation on Metals in Hydrocarbons' 


ANDREW GEMANT 


Engineering Laboratory and Research Department, The Detroit Edison Company, Detroit, Michigan 
ABSTRACT 


Using a radioactive tracer technique, the rate of salt film formation on copper, lead, 
and zine in solutions of tridecanoic acid in hydrocarbon oil was measured. The rate is 
rather high on lead, much less on copper and zine. Addition of an amine increases the 
rate considerably. The use of oxidized oils greatly increases the rate in the case of 
lead, but no film at allis formed on copper; both effects are explainable by the presence 
of a basic compound in the oxidized oil. Electrochemical deposition of the acid on lead 
anodes was found superimposed upon the purely chemical film formation and was eval- 
uated quantitatively. The study has both fundamental and practical significance con- 


cerning corrosion of metals in oils. 


INTRODUCTION 


It has been shown (1, 2) that hydrocarbon oils of 


high electrical conductivity, similar to oxidized oils, 


may be obtained by the addition of acidic, basic, 
and phenolic compounds to the pure oil. These hy- 
drocarbon solutions behaved much as electrolytic 
solutions containing molecularly dispersed ions. 

If this picture is correct, the reaction of metals 
with such solutions ought to be in some respects 
similar to reactions encountered in aqueous solu- 
tions. In particular, certain metals should show a 
tendency to film formation in hydrocarbon solutions 
containing an acid that forms an insoluble salt with 
the metal cation. Qualitative experimentation soon 
showed that this conclusion was correct. 

A quantitative study of this phenomenon is not 
easy because of the minute amounts of deposit 
formed on the free surface of the metal. A radio- 
active tracer technique was considered suitable for 
the purpose. In this method the acid to be studied, 
containing carbon-14 as tracer element, is dissolved 
in the oil. The amount of deposit formed on the 
metal in contact with the oil is then measured by its 
activity. 

The metals used in this study were chiefly copper, 
zinc, and lead, although others, as will be men- 
tioned, were studied also. The tracer acid used was 
tridecanoie acid, having C-14 in the carboxyl group 
(3). Film formation was produced both by chemical 
action at room temperature, and also by electro- 
chemical action, the metal serving as the anode. 
These two will be described separately. 

Apart from providing further basic information 
on ionic processes in hydrocarbons, the present study 
has practical importance in the field of corrosion of 
metals in mineral oils. 


‘Manuscript received November 16, 1951. This paper 
prepared for delivery before the Philadelphia meeting, 
May 4 to 8, 1952. It has been held, with the author’s con- 
sent, for the special Electric Insulation issue. 
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Fitm ForMATION BY CHEMICAL ACTION 


Experiments in this group were carried out by 
immersing small pieces of sheet metal in the pre- 
viously mentioned solutions in hydrocarbon oil at 
room temperature. At certain intervals the speci- 
mens were removed, washed in benzene, and their 
activity determined with a thin-window Geiger- 
Mueller counter tube. The film, if formed at all, ad- 
hered tightly to the metal and was not removed by 
benzene. Previous calibration showed that 27 counts 
per minute were produced by 1 microgram of tri- 
decanoic acid (same geometry as in the tests). Desig- 
nating this calibration value as ¢, the net counts 
per minute (total minus background) as c, the area 
of the specimen in cm? as a, and the ratio of concen- 
trations in the oil of total acid to active acid as r, 
then the acid deposited, w in ywg/em®* is given by: 


rc 
acy 


(I) 


As for the metals tested, preliminary experiments 
showed no deposit formation on iron, aluminum, 
and silver. Magnesium gave a positive effect, but its 
behavior was rather erratic. The bulk of experi- 
ments was carried out on copper, zinc, and lead. 
Small specimens of 2.5-cm? area were cut from thin 
sheets (about 0.01—0.02 em thick). Immediately pre- 
ceding immersion a fresh surface was produced by 
abrasives Grade 2 and 2/0. The activities of both 
surfaces were measured and the average taken. 

Of the three metals in question, copper and zinc 
showed a relatively slow rate of film formation; in 
general, the measurements extended over a week. 
Lead, in contrast, was highly active and 2 hours 
were sufficient to complete a test. By the end of each 
test, copper showed a typical blue deposit, while 
lead was white. The deposit on zinc was whitish, 
but not too pronounced. 

A hydrocarbon oil of 0.14 poise viscosity and 
6-10-' mho/em conductivity at 25°C was used for 


on | 
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the experiments. Apart from the tracer acid, an 
amine and a phenolic compound at definite concen- 
trations were added to some of the solutions. The 
amine used was tributylamine, and the phenolic was 
o-cresol. For a number of tests (described later) oxi- 
dized hydrocarbon oil was used as solvent. Table I 
lists by number all the solutions used; the numbers 
shown on the subsequent graphs refer to this list. 

Copper.—Fig. 1 and 2 present results for copper: 
the amount of deposit, w, is plotted against time of 


TABLE IL. List of hydrocarbon solutions 


Normality of 


NUMBER CONDITION OF SOLVENT . . 
o-Cresol 
acid mine 
1 As received - 
2 As received 0.05 0.05 
3 As received 0.05 0.10 
4 As received 0.05 0.05 0.10 
5 As received 0.14 
6 As received 0.14 O.14 


7 As received 0.14 0.14 0.18 - 

8 Oxidized, 150°C, 8 hr 0.05 - — 

9 Oxidized, 150°C, 16 hr = -0..05 

10 Oxidized with Cu, 0.05 
150°C, 32 hr 


11 Oxidized in service 0.05 - 
12 As received - 0.10 - 
13 As received - 0.10 
500 | cu 


HOURS 


Fic. 1. Rate of film formation on copper in solutions in 
hydrocarbon oil (curve numbers as in Table I). 


immersion. Some of the curves give indication of a 
brief induction period, as well as of approaching 
saturation. It may be mentioned at this point that 
self-absorption correction was not applied in calcu- 
lating w; since the layers formed are very thin, this 
correction is small. 

Previous studies quoted showed that the electrical 
conductivity increased somewhat. by dissolving a 
basic compound ‘in addition to the acid, and in- 
creased appreciably by also adding a phenolic com- 
pound. It was of interest to detect whether this phe- 


-homenon, explainable by increasing jion-fo) 


1952 


Mation 
in the hydrocarbon solvent, is reflected also jn the 


rate of film formation. It may be seen from the 
curves that the addition of an amine subst :ntially 
increases the rate, the further addition ereso| 
having only little influence. It thus appears that, jy 
the presence of a salt, the rate of film formation is 
markedly greater than in the presence of an acid, 
but the degree of dissociation into ions has no appre- 
ciable influence. The data of Fig. 1 and 2 permi 


Fic. 2. Rate of film formation on copper in solutions in 
oil (curve numbers as in Table I). 


120 


40 


50 100 150 


Fic. 3. Rate of film formation on zine in solutions 10 
oil (curve numbers as in Table 1). 


comparison of the effect at different electrolyte con- 
centrations which in the solutions 5, 6, and 7 \s 
about three times that of the first four solutions. 
Such an effect appears to exist in the beginning o! 
the process, but is not very pronounced. 
Zine.—Fig. 3 presents similar results for zine. The 
amounts of deposit were about one-fourth of those 
observed with copper. The influence of the phenolic 
compound is more conspicuous than in the case 0! 
copper. The data presented are only part of ail that 
had been obtained; copper in general yielded more 
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reprodicible data than zine, for which reason it was 
used «) preference to zine in the subsequent ex- 
perime!. 68. 
Lewd. 4 and 5 present similar information 
for lead. The rates are about eighty times higher 
than for the other two metals, for which reason it is 
quite suitable for such studies. The amounts de- 
posited are about the same as for copper. The effect 
of the basic component is very conspicuous; after 
about 100 minutes the deposit is about 300 to 500 
yg/cm’ in the presence of an amine, but only about 


Pb 

400 


20 40 460 80 100 120 
MINUTES 


Fic. 4. Rate of film formation on lead in solutions in 
hydroearbon oil (curve numbers as in Table 1). 


ee 


20 40 60 80 100—s«120 
MINUTES 


Fie. 5. Rate of film formation on lead in solutions in 
oil (curve numbers as in Table I). 


” in the absence of an amine. The concentration of 
the acid has no significant effect. 


Tue or Oxipizep HyprocarBon OILs 


The opinion has been expressed (1, 2) that acidic 
and basic constituents in oxidized or deteriorated 
hydrocarbon oils, in combination with a phenolic, 
might be responsible for the high electric condue- 
tivity. Whereas the presence of aliphatic and naph- 
thenic acids is known, the presence and nature of 
the basie component are not so obvious. Nitrogen 
compounds, although not necessarily of basic type, 
are o'‘en present in oil (4). There is also the possi- 
bility ‘hat nitrogen from the air combines with hy- 
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drocarbons under the influence of an electric dis- 
charge (so called nitrogen fixation), perhaps pre- 
ceded by activation of the nitrogen (5). 

The present study was, therefore, extended to 
oxidized oils in order to see whether the presence 
of a basic component could be detected by its influ- 
ence on the rate of film formation. For this purpose, 
several samples of oils were oxidized under con- 
trolled conditions in the laboratory, and for com- 
pleteness a sample, deteriorated in service, was in- 


Pb He 
Ay 
300 4 
50 100 150 


MINUTES 
Fig. 6. Rate of film formation on lead in solutions in 
oxidized oil (curve numbers as in Table I). 


Cu 
80 


10 
50 100 150 
HOURS 


Fic. 7. Rate of film formation and dissolution on copper 
in solutions in oxidized oil (curve numbers as in Table I). 


cluded in the test (see Table I). To these oxidized 
oils, 0.05 normal tridecanoic acid was added, 5 per 
cent of which was radioactive [r in equation (I) 
was 20]. The result of these tests as carried out on 
lead is shown in Fig. 6, including for comparison 
a run with solution 1, having the original oil as 
solvent. The increase of rate is rather pronounced 
and of the same order of magnitude as produced by 
the addition of an amine to an unoxidized oil (curve 
2 in Fig. 4). The effect in oxidized oils is in all prob- 
ability not caused by amines, but rather by basic 
compounds of different nature. A study of the chemi- 
cal nature of positive ions in oxidized oils is now 
under way. 


| | 
| 
0| | | 
| 
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Copper, according to our findings, should also 
show an increase of rate of film formation. It was 
found, however, that no film at all is deposited on 
copper in oxidized hydrocarbon oils. This can be 
seen from the bottom curves 10 and 11 in Fig. 7 and 
8. Again for comparisons, tests using solution | are 
included. The conclusion was drawn that the copper 
salt, although formed, secondarily dissolved in the 
oxidized oil. This assumption was proved by the 
following test. The coated specimens from solution 1 
were placed in solutions 10 and 11, and, as can be 


Cu 


Fia. 8. Rate of film formation and dissolution on copper 
in solutions in oxidized oil (curve numbers as in Table I). 


\ 
300 
200 
100 » 


40 80 
HOURS 

Fic. 9. Rate of film dissolution on copper in solutions 
in hydrocarbon oil (curve numbers as in Table I). 


seen, the radioactivity decreased in both instances, 
vanishing in solution 10 nearly completely in 48 
hours. 

The chemical nature of the component responsible 
for dissolving the copper salt is, uf course, not re- 
vealed by these tests. It is possible, however, that 
complex; copper salts analogous to the diamine- 
copper or tetrapyridinecopper type are formed. The 
same basic compound that accelerates the film for- 
mation on lead might thus dissolve the salt formed 
on copper. To substantiate this thought, coated cop- 
per specimens were immersed in oil containing tri- 
butylamine only: the activity disappeared as shown 


July 1959 


by curve 12 in Fig. 9. On the same graph it ig als, 
shown that butyl alcohol in oil does not diss: lye the 
copper salt. On the other hand, piperidine (a strongly 
basic compound) in oil dissolved the copper salt {ily 
very rapidly. 

Zinc shows with regard to oxidized oils a behayioy 
between lead and copper. As the bottom curye in 
Fig. 10 reveals, formation of a film is prevented. a: 
in the case of copper. The film once formed, how. 
ever, is not readily dissolved, as the top curve jp. 
dicates. 


| Zn 


Fic. 10. Rate of film formation and dissolution on zinc 
in solutions in oxidized oil (curve numbers as in Table I). 


ELECTROCHEMICAL Fitm FoRMATION 


It was of interest to see whether electrodeposition 
of the aliphatic acid can be achieved in hydrocarbon 
oil solutions. Qualitative experimentation with most 
metals did not yield positive results, excepting mag- 
nesium which, however, behaved too erratically to 
be suitable for quantitative tests. It was not ev- 
tirely surprising that copper and zine did not give a 
positive effect, since the slowness of the purely chen- 
ical action indicated little tendency of these metals 
to form ions in oils. Judging from the rapidity ol 
chemical film formation, lead should show a positive 
effect. This effect, however, is not easy to find be- 
cause the chemical effect tends to mask it. It was 
thought that studying the effect quantitatively by 
means of the tracer technique would permit a sepa- 
ration of the electrical from the chemical deposition. 

Consider a set of individual tests, in each of which 
a current, i, flows during the same time, ¢, through # 
cell having an active anode. In each test a certall 
amount of coulombs, gq = ti, passed through the 
cell. After each test the anode (a new one for each 
test) is washed and its activity, c, measured Then 
the acid deposited, by equation (1), is re/e and this 
quantity may be plotted as a function of ti. {i only 
a chemical action takes place, a line paralle! to the 
abscissa should result. If an electrochemical actio! 
is superimposed, a straight line with a finite slope 
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should result, its intersection with the ordinate at 
yero current giving the amount of chemical deposit. 
The differential quotient of this line, namely 
(r q@t)(de/di) measures the electrochemical deposi- 
tion in suitable units, for instance ug/millicoulomb. 

If » single molecules of aliphatic acid are asso- 
ciated with one electronic charge in the negative ion, 
then an amount nM of acid (M = molecular weight) 
is deposited by the passage through the cell of one 
farad (F coulomb). Consequently, 10°nM/F is the 
specific deposit in »g/millicoulomb. Equating this 
value with the previous one, the equation 


ha de = 10° nM (I1) 
Col di F 
obtains. It permits evaluation of the unknown num- 
ber n from the experimental data. If the effect is a 
realistic one, n should be a small integer. 
In order to check the technique, an instance was 
selected in which n = 1 could be assumed with con- 
fidence. This was the deposition of the acid from a 


TABLE IL.—Results from electrochemical film formation 
on silver 


r i, sec i, ma ¢, counts/min n 
122 5400 | 170-1078 316 0.70 
133 9450 | 40 124 0.75 

10 3000 | 12.8 | 317 1.15 


Average . . 0.85 


solution containing a certain percentage of ethyl al- 
cohol in which very likely monomolecular salts and 
monovalent ions are formed. This is supported by 
earlier observations (1) on emf’s in dielectric sol- 
vents: stability and reproducibility always increase 
with increasing concentration of ethyl alcohol, owing 
to a decreasing tendency of complex ion formation. 
It was found in the present study that silver, which 
shows ne chemical film formation, exhibits pro- 
nounced electrochemical deposits in such hydrocar- 
bon solvents, as was to be expected. A minimum of 5 
per cent of ethyl alcohol is necessary to obtain the 
effect. The solutions used contained from 12 to 23 
per cent ethyl alcohol, and about 40 per cent xylene; 
the balance was oil. 

Since no chemical deposit was formed, the differ- 
ential quotient de/di could be replaced by ¢/i of any 
individual test. Table II shows the results of three 
such tests. As may be seen, the average value of n, 
about 0.85, is sufficiently close to the expected value 
of unity to indicate that the technique devised is 
Satislactory,. 

The experiments on lead were carried out with 
hydrocarbon solution 7, which had a conductivity of 
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1-10-'° mho/cm. The cell had a platinum cathode 
and lead anode and teflon as a spacer. The electrode 
area was 1.55 em? and the electrode gap was 0.051 
cm. The voltages applied varied from 100 to 4000 
volts. The time was 60 minutes. 

Owing to uncontrollable conditions, in certain tests 
audible ionization due to the high electric field took 
place in the small gap of the cell, while other tests ran 
perfectly quietly. Possibly, this was a corona, i.e., 
ionization in minute gas bubbles between the liquid 
and the electrodes. It was observed that the deposits 
were invariably heavier in the ionizing group than 
in the nonionizing. The reason probably is that ioni- 
zation maintained convection within the cell, thus 
increasing chemical deposit formation. Since the 
electrolytic cell was a closed one with a narrow gap, 
convection in the absence of ionization was probably 


400 
Pb 


Bs 


10 20 30 40 50 
m coul/em*® 
Fig. 11. Rate of electrochemical film formation on lead 


in solutions in hydrocarbon oil (curve numbers as in Table 
I). 


inappreciable. If the two groups are plotted sep- 
arately, as is done in Fig. 11, straight lines drawn 
through the points of each group have similar slopes. 
The top line for which there can be no data corre- 
sponding to zero abscissa (no electric field) is to a 
certain degree uncertain. This line, corresponding to 
the ionizing group, gives 140 ug/cm?* as chemical de- 
posit in 60 minutes, while the bottom line (nonioniz- 
ing group) gives 60 ug/cm?*. The first of these values is 
fairly close to the value of 190 (curve 7, Fig. 5, cor- 
responding to 60 minutes) which was observed for 
the chemical film formation in the open container. 
In these containers, although the solution was not 
stirred, convection, due to concentration differences, 
could easily take place. 

The slope of the lines is 4.2 ug/millicoulomb, which 
in combination with the equation (Il) yields n = 
1.90, a value close to 2.0. The experiments thus prove 
that electrochemical film formation does take place 
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in the hydrocarbon solutions and they further indi- 
‘ate that probably two molecules of aliphatic acid 
take part in the formation of a molecule and a singly 
charged ion. This latter conclusion is in agreement 
with previous results (1, 2) obtained by entirely in- 
dependent conductometric methods. Lucasse, et al. 
(6), from melting point measurements arrived at a 
formula: | amine and 2 acid molecules for the com- 
plex. 

Another interesting observation deserves mention 
in this connection. If the polarity of the cell is re- 
versed, the lead being made negative, a film deposit 
can be observed on the platinum. This is caused by 
‘ataphoresis. The particles formed chemically on the 
lead are negatively charged and carried by the elec- 
tric field to the positive electrode, in this case, the 
platinum. This observation is in agreement with a 
recent study of cataphoresis in hydrocarbon oils (7). 
In the present arrangement, lead being the anode, 


Ju 1952 


cataphoresis does not interfere with a measu: emer; 
of film formation. 


Any discussion on this paper will appear in a Discussioy 
Section, to be published in the June 1953 issue of the 
JOURNAL. 
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Influence of the Impurities in the Foil, Electrolyte and Paper 
in the Electrolytic Capacitor’ 


Gaston MuRISET 


Standard Telephone et Radio S. A., Zurich, Switzerland 


ABSTRACT 


In the manufacture of electrolytic capacitors, impurities present in the raw materials 
used have been found to affect unfavorably the characteristics of these capacitors. 
Leakage current can be kept to a minimum by using the purest anode material (99.99% 
purity aluminum), keeping impurities in the paper and electrolyte to a minimum, and 
using care during the manufacturing process to avoid contamination. 


INTRODUCTION 


Experience has taught the manufacturer of elec- 
trolytie capacitors that impurities have an adverse 
influence on the electrical characteristics and that 
their life is also dependent thereon. It is known that 
such impurities, when in quantities above those per- 
missible, can cause complete destruction to the capa- 
citor through corrosion. 

In the past ten years great improvements in the 
technique of manufacture of electrolytic capacitors 
have been made and evidence of corrosion is seldom 
found now in good quality products. 

Since purity is a fundamental necessity, all precau- 
tions must. be taken to obtain and maintain this re- 
quired purity. 

Only materials of the very best quality and grade 
can be used, each new batch of material must be 
tested, and continuous supervision exercised during 
the fabrication processes. Cleanliness during manu- 
facture is one of the principal factors in making good 
capacitors. Because the purity question plays such 
an important role, it is natural that extensive efforts 
have been made to find out the effect of these impuri- 
ties on the characteristics of the electrolytic capaci- 
tor and to determine their permissible limits for the 
different materials involved. 

The most important immediate effect of impurities 
is their influence on the leakage current and the lat- 
ter is, to a certain extent, a criterion of the quality of 
the capacitor. It is of interest, therefore, to study the 
effect of different impurities in capacitors and their 
effect on the leakage current. 

The leakage current can be compared with that 
of electrostatic capacitors. Normally this leakage cur- 
rent is higher than in electrostatic capacitors, al- 
though it is now possible to construct electrolytics 
having a smaller leakage current than, for instance, 
paper capacitors. 

'Manuseript received April 16, 1951. This paper pre- 


pare! or delivery before the Washington Meeting, April 8 
to 12, ‘951. 


The leakage current of electrolytic capacitors de- 
pends primarily on the following factors: (a) the 
quality of the oxide layer, (b) the purity of the anode 
material, and (c) the composition and purity of the 
operating electrolyte. 


THEORY OF THE FILM FORMATION AND THE ORIGIN 
oF LEAKAGE CURRENT 


Oxide Layer 


During electrolysis of aluminum anodes in weak 
electrolytes such as boric acid, citric acid, ete., alu- 
minum oxide is formed (according to the latest the- 
ories) by reaction of anions of the electrolyte with 
the aluminum ions, with formation of aluminum ox: 
ide, and re-formation of the electrolyte anion. Film 
formation first takes place on the surface of the alu- 
minum and thereafter on the phase boundary between 
aluminum oxide and electrolyte. 

The aluminum oxide layer thus formed has been 
examined several times and it is probable that it con- 
sists of y-aluminum oxide. Quite a number of alu- 
minum oxides are known. Among these are some 
which have a hexagonal crystalline form, for instance 
corundum, which is formed on aluminum anodes, pos- 
sibly only by secondary reactions. Another oxide 
group is cubic and contains products jsuch as those 
which are formed by anodic treatment of aluminum, 
namely y’-oxides. Their crystal structure comes under 
the spinel type and according to Verwey (1) contains 
statistically distributed lattice imperfections, that is, 
out of 24 normal cations 23 are absent. Kordes (2) as- 
sumes that only 2 are absent, the empty places being 
occupied by alkali or hydrogen ions. This assumption 
is founded on the fact that y-aluminum oxide reacts 
with small quantities of water or alkalies, the latter 
being the stabilizer for the y-oxide. The lattice im- 
perfections occur regularly in the y-oxide, and statis- 
tically in the y’-oxide. All the y-lattices show that 
the normal amount of oxygen is present. 

A structure analysis of oxides on foils made under 
various conditions was made by Brandenberger and 
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Hafeli (3). The results proved that at a low forming 
voltage, where a preformed layer has been produced 
by a strong electrolyte, the only layer produced is 
the aluminum oxide hydrate, boehmite. At increasing 
voltages the boehmite disappears slowly and at an 
anode potential of 600 v, without a preformed film, 
only a mixture of y- and y’-aluminum oxide could be 
observed. 

The growth of the layer, according to Herrmann 
(4), should be such that aluminum ions diffuse 
through imperfections in the y-oxide, thus causing 
the oxide to grow on the outer surface. The electrons 
liberated during ionization of the aluminum are re- 
sponsible for the flow of the current. The outer 
aluminum ions on the dielectric oxide layer react with 
anions of the electrolyte, as mentioned above, form- 
ing aluminum oxide. 


Leakage Current 


Should an aluminum foil be formed in a weak elec- 
trolyte having no dissolving action on the oxide 
layer, a current flows through the cell which is made 
up of two parts: ionic and electronic. The former 
causes the growth of the oxide layer and the latter 
only a current flow. When the forming voltage has 
reached its maximum, the current decreases slowly 
to low values and no further growth of the film takes 
place. The current which then flows is electronic. 
Should the voltage of a formed aluminum foil be 
lowered from the forming voltage, the leakage cur- 
rent will also decrease. If the voltage and current are 
plotted logarithmically, the function of both of them 
is a straight line characteristic of a purely electronic 
current. 

How the leakage current is produced is not com- 
pletely known yet. Nevertheless, it can be assumed 
that it depends on several factors including: the prop- 
erties of the layer itself, impurities in the anode ma- 
terial, and impurities in the electrolyte. 

In the dielectric aluminum oxide film, the leakage 
current can result from high field strength, which ac- 
cording to Giintherschulze and Betz (5) is more than 
10 megavolt/em and can cause penetration of the 
electrons even at low values and of ions at high val- 
ues. A further reason for the leakage current may be 
due to lattice imperfections and inhomogeneities of 
the layer as already stated above. 

After prolonged idleness, the leakage current in- 
creases when the current is turned on and then drops 
to normal values again. 

Formerly it was thought that this was the result 
of an attack by the electrolyte on the oxide film. 
This explanation, according to Herrmann (4), does 
not hold good for weak boric acid electrolyte; it is 
more likely that it occurs through a change in the 
concentration of the electrolyte on the outer surface 
of the oxide layer or due to space charge phenomena. 
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Impurities in the anode aluminum produce: pores 
in the aluminum oxide layer and allow the curren; 
to penetrate, thus hindering the formation of an im. 
permeable film. Furthermore, certain impurities, for 
example the chloride ion, ete., penetrate through the 
oxide layer and react with the aluminum, the dam. 
age to the film resulting from this causing high leak- 
age current. 


INFLUENCE OF THE ANODE MATERIAL ON THE 
LEAKAGE CURRENT 

Hifeli (6) found that the anode material contains 
iron, silicon, and copper as the chief impurities, 
Aluminum foils were prepared having specific 
amounts of known foreign metals and the foils were 
formed at 80°C at 5 ma/cm* in a bath of 0.1 per cent 
borax plus 10 per cent boric acid. The leakage cur- 
rent ata voltage of 500 v was used as the criterion 
for quality and measurements were made after (0, 
90, and 150 minutes. 

The aluminum alloys which were used in the tests 
were supplied by Aluminium Industrie A.G., Neu- 
hausen, and were of four different types: 

A. Refined aluminum 99.99% with a copper con- 
tent of 0.0019°%-0.102%. 

B. Aluminum of 99.85% purity, with a copper con- 
tent of 0.0007%-0.097%, the iron and silicon being 
kept constant. 

C. Aluminum of 99.85% purity with an iron con- 
tent of 0.0032%-0.10%, the copper and silicon being 
kept constant. 

D. Refined aluminum 99.99% and pure aluminum 
99.952% with a high content of zine ranging from 
4.82% to 4.87%. 


Results 


Copper is soluble in aluminum up to approximately 
0.5 per cent. Although it can be assumed that the 
copper leaches out of the anode and dissolves in the 
electrolyte, there is a noticeable relation between the 
leakage current and the copper content of the anodes. 
This dependence is found in refined aluminum 99.9 
per cent as well as in the less pure material. A direct 
proportionality does not exist between the leakage 
current and the copper content of the anodes. Be- 
tween the limits of 0.002 and 0.1 per cent copper the 
leakage current increases by 0.02 ma/cm’. 

The solubility of iron in aluminum is in the order 
of 0.01-0.2 per cent and, at higher concentration, 
crystals of Al;Fe are formed which produce an 10- 
crease in the leakage current. The leakage curren! 
curves actually show a sharp inflection upward at 
0.02 per cent iron. 

Zine has been added to the aluminum in large 
quantities to suppress the unfavorable influence o! 
copper, iron, and silicon. Zinc has a bad effect on the 
forming properties of aluminum and on the leakage 
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curren! of capacitors, and this is especially true when 
other impurities are contained in the aluminum, for 
example, copper, iron, and silicon, such as in the case 
of 99.85 per cent purity aluminum. 

In other publications, the relation between leakage 
current and purity of the aluminum anodes is men- 
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Fic. 1. Leakage current and purity of aluminum 


T T 

z 

4 

a 

x 

<q 

| 

| | 
) 10 20 30 40 50 60 70°C 
TEMPERATURE 
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Fic. 3. Impurities in the electrolyte 


tioned in a somewhat qualitative manner, with fre- 
(uent disagreement between observers. For instance, 
Georgiev (7) states that the difference between capa- 
Citors made with anodes of aluminum having a purity 
of 99.3 and 99.8 per cent is small, and that the leakage 
current is not much higher although the materials 


Contain different amounts of impurities, chiefly iron 


and silicou. The present measurements, and those of 
other investigators such as Herrmann (4) and Giin- 
therschulze and Betz (8), do not support this view. 

_ Giintherschulze and Betz (8) mention in their book 
on electrolytic capacitors that silicon and iron have a 
bad effect, although they permit a silicon content of 
0.4 per cent in spite of the high leakage current be- 


NIN 


LV 


7 1.4 2.1 2.8mgCL/100em® 


Fic. 4. Forming current vs. halogen concentration 
aqueous-electrolyte. 
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Fig. 5. Forming current vs. halogen concentration 
glycol-electrolyte. 
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Fig. 6. High quality electrolytic condensers 


cause of the smaller danger of corrosion. They also 
state that the leakage current of aluminum having a 
purity of 99.1 per cent is six times larger than that of 
aluminum 99.6 per cent. 

Fig. 1 and 2 show the relation between leakage cur- 
rent, aluminum purity, and temperature as shown by 
Raoult (9) and Gadeau (10). Gadeau points out that 
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the iron content in the form of Al;Fe is responsible 
for the leakage current. 


IMPURITIES IN PAPER AND CHEMICALS 

Impurities, such as Cl-, SO.", NO;-, ete., in the 
electrolyte, and paper, probably act in such a man- 
ner that they wander in the current field to the 
anodes, penetrating the weak spots in the oxide layer, 
then reacting with the aluminum forming the corre- 
sponding salts which accelerate further attack on the 
metal. It is possible that the oxide layer is more 
permeable to certain ions, such as chloride, than for 
other ions such as sulfate. These experiments, how- 
ever, showed that sulfate ion causes serious corrosion 
in ammoniacal glycol borate electrolytes. 

Giintherschulze and Betz (11) determined, as early 
as 1937, that the presence of as little as 18 mg/1! of 
Cl-, during the forming of the aluminum in a borax 
solution, caused serious damage and anode corrosion. 
Fig. 3 shows the forming diagram of aluminum in a 
borax solution with different chloride-ion concentra- 
tions, but the presence of halogen would cause «am- 
age at much smaller concentration in continuous op- 
eration. 

Herrmann and Prang (12) studied the effect of 
halogens on the semiconducting properties of the 
electrolyte and their influence on the behavior of 
formed aluminum anodes in aqueous and glycolic 
solutions of ammonium borate. It was found that the 
injurious effect in aqueous solution is greatest with 
chlorine, less in bromine, and least in iodine. The re- 
verse can be observed in glycolic solution, but the 
leakage current in the latter is approximately 10 per 
cent of the leakage current in aqueous solution, Fig. 
4 and 5. 

The difference between the aqueous and glycolic 
electrolyte can be explained on the basis that the 
anodically deposited halogens react with glycol form- 
ing harmless products, which is especially the case 
with chlorine, and to the difference of the mobility 
of the ions in the electrolyte due to viscosity effects. 
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As a result of these studies, electrolytic cay vcitors 
of superior performance have been produce:|. The 
improvement is evident in Fig. 6 for a typica! unit. 


CONCLUSIONS 


Leakage current of electrolytic capacitors can bp 
kept to a minimum when: (a) the purest anode ma. 
terial, that is, 99.99 per cent purity aluminum, jx 
used; (b) the dielectric layer is thick but as homo. 
geneous as possible; (c) the impurities in the electro. 
lyte are kept to a minimum; (d) the paper used js 
kept as free as possible of impurities; and (e) during 
the whole manufacturing process, absolute care js 
taken to eliminate impurities where possible, for jn- 
stance, by thorough washing and cleaning of the ma- 
terials used before and after the different operations, 
and by avoiding contamination with impurities. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1953 issue of the 
JOURNAL. 
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Electrolytic Reduction of Organic Compounds 


VI. Aminophenols from Nitrocompounds' 


CHRISTOPHER L. WILSON AND HANDApy V. Upupa? 


Department of Chemistry, The Ohio State University, Columbus, Ohio 


ABSTRACT 


The influence of various factors on the material yield of the aminophenol from 
2-chloro-6-nitrotoluene has been investigated. The most significant increase resulted 
from efficient agitation best attained by high speed rotation of a disk cathode. Under 
these conditions current efficiency, already high, increased to virtually 100%. The 
effect of agitation shows that the slowest step in the process is diffusion controlled. 
Cathodes of monel and copper were tried. Amalgamation of the surface raised material 
vield of aminophenol from 21 to 58 per cent with a stationary cathode and 37 to 71 per 
cent with a rotating copper cathode. Increase both of temperature and of acid strength 
also raised material yield of aminophenol by an effect, it is believed, on rate of re- 
arrangement of intermediate hydroxylamine. Increase in the ratio of nitrocompound to 
acid electrolyte reduced yield’ of aminophenol because of the formation of tarry prod- 
ucts. Yield of amine, the only other simple chemical product, remained constant show- 
ing that the tarry products resulted by reaction of intermediate hydroxylamine with 
nitrocompound. Current density was increased from 0.4 to 4 amp/dm? using a rotating 
cathode without seriously affecting yield. This contrasts strongly with the effect of a 
similar change with a stationary electrode which causes yield to drop almost by half. 
Using preferred conditions (20 per cent acid, rotating amalgamated monel cathode, 
90°C, 2.7 amp/dm?*) the following nitrocompounds were reduced to give aminophenols 
in the material yields indicated: 4-chloro-2-nitrotoluene (82), o-nitrotoluene (74), 


o-chloronitrobenzene (76), 2,5-dichloronitrobenzene (72), and nitrobenzene (72). 


INTRODUCTION 


Gattermann’s original method (1) for converting 
nitrobenzene (I) into p-aminophenol (III) by rear- 
rangement of intermediate phenylhydroxylamine (IT) 
made use of 


CyHsNO. CgsH;sNHOH — p-NHLC.H,OH 
I] III 


strong sulfuric acid at ordinary temperatures and a 
platinum cathode. Instead of platinum, copper gauze 
2) or carbon (3) cathodes have also been used with 
strong acid but the yields are all very low due pri- 
marily to the difficulty of operating in strong acid 
media. Nevertheless, the manufacture of p-amino- 
phenol by electrolysis*in 90% acid at a platinum 
cathode reported by McDaniel, Schneider, and Bal- 


‘Manuseript received December 31, 1951. This paper 
prepared for delivery before the Detroit Meeting, October 
/ to 12,1952, and taken from a thesis submitted in partial 
‘ulfillment of the requirements for the Ph.D. degree by 
Hl. V. Udupa. 

* Present address: Textile Institute Research Labora- 
tory, Ahmedad, India. 

* Yield is used synonymously with material yield in this 
paper to indicate the percentage of theory calculated from 
the stoichiometrie chemical equation. Efficiency or current 
‘ietevcy are used in the conventional sense for percentage 
of current going to products other than gaseous hydrogen. 
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lard‘ (1) was a commercial success as an emergency 
measure at the time of the first World War; although 
the current yield was only of the order of 25 per cent, 
the high purity of the product was suitable for exact- 
ing photographic applications. 

Use of 80 per cent acid and platinum cathode (4) 
or 50 per cent acid and nickel (5) did not improve 
matters much and it was not until Dey and his 
collaborators (6) made quite new departures that the 
electrochemical method for aminophenols began to 
look interesting as a preparative method. These au- 
thors used much weaker (20-30 per cent) sulfuric 
acid at elevated (80-90°C) temperatures and a cop- 
per or monel cathode together with a mercury “‘cat- 
alyst.”’ The yields of aminophenols from a variety of 
nitrocompounds ranged from 53 to 61 per cent. The 
present paper is essentially an extension of these find- 
ings. The effect of various factors on aminophenol 
formation has been determined and increased yields 
have been obtained using a high speed rotating 
cathode. 


EXPERIMENTAL 
Materials.—2-chloro-6-nitrotoluene, obtained from 


General Aniline and Film Corporation, was recrystal- 


‘ The authors thank one of the referees of this paper for 
this historical touch. 
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lized before use. It had mp 37-38°C. The other re- 
agents were of analytical purity. 

Cathodes.—Ten circular copper disks, 5 em in di- 
ameter and 0.1 cm thick were mounted at the end of 
a copper rod, 0.6 cm in diameter and 35 cm long, and 


separated from each other by copper spacing collars, . 


0.5 em long and 0.9 em outside diameter. The whole 
assembly was held by tightening a nut on the 
threaded end of the rod. The surface area was 4.08 
dm? for ten disks. 

A similar monel cathode was also fabricated. In 
this case electrical contact was made by a brush 


bearing on a copper collar fastened toward the end . 


of the monel rod remote from the disks. This contact 
was augmented through the bearings of the motor 
rotating the cathode. 

Cell.—The anode was a sheet of lead 11 by 30 cm 
in the form of a cylinder around the cathode cham- 
ber. This was an unglazed porcelain cylinder, 21 em 
long and 9 em in diameter (Coors Porcelain Com- 
pany). It was treated overnight with fuming nitric 
acid and then thoroughly washed with water. 

Technique.—The porous pot forming the cathode 
chamber contained 350 ce sulfuric acid electrolyte 
and was surrounded by the lead anode and the whole 
placed in a beaker (1 liter). The beaker was placed 
on a hot plate connected to a variable transformer. 
The cathode shaft was held in the chuck of a variable 
speed motor and passed through a hard asbestos 
board lid on the porous cup. The inner surface of the 
porous cell carried a glass strip to act as a baffle to 
prevent the swirling catholyte from rising up the 
wall and uncovering the cathode. 

When necessary the cathode was amalgamated by 
electrolyzing an acid solution of mercuric sulfate 
(0.2 g). 

Reduction, using a stationary cathode, was carried 
out using an auxiliary glass stirrer. A thermometer 
also passed through the asbestos cover. 

Products.—The catholyte was transferred to a two- 
liter flask and any unchanged nitrocompound steam 
distilled. If any suspended resinous matter remained 
it was then filtered off. The catholyte was neutralized 
with ammonium carbonate and steam-distilled to re- 
move amine. The distillate was extracted with ether 
(25 cc) three or four times and the extract dried and 
evaporated. The aminophenol separated from the 
residue from the neutral steam distillation on cooling 
to 06°C. It was filtered off, washed with a little ice 
water, and dried in a vacuum desiccator. From 2- 
chloro-6-nitrotoluene the product had mp 163-164°C. 
The melting points of the other aminophenols agreed 
~vith the figures recorded in the literature. 

All the operations with aminophenols were best 
conducted after addition of a little sodium bisulfite 
to the solution. This helped to prevent oxidation. 
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(2- Methyl -chlorophenyl) - hydroxylamine. ~ 
compound was made for reference purposes «ind yp. 
arrangement to the aminophenol. 2-Chloro-t)-nitro. 
toluene (80 g) was dissolved in ethanol (150 ce, 95 
per cent) and water (100 ce) in a three-necked flask 
fitted with stirrer and condenser. Powdered caleiyn 
chloride (6 g, anhydrous) was added and the mixture 
heated to reflux while zine dust (75 g) was added 
slowly during 15-20 min. After 15 min more the reap. 
tion mass was filtered, the residue washed once with 
ethanol (50 cc) and the alcohol evaporated under te- 
duced pressure in the presence of nitrogen. The 
residue (63 g) weighed 35 g after washing with petro- 
leum ether (100 cc, bp 30-60°C) and had mp 63°C. 
Analysis: Cale. for C7yHsNOCI: N, 8.9. 

Found: N, 9.13, 9.0 per cent. 

The hydroxylamine (5 g) was dissolved in ethano! 
(15 ee) and benzaldehyde (3.5 g) added. After 12 hr 
the precipitated product (5.1 g) was collected and 
crystallized from alcohol, mp 123—4°C. 

Analysis: Cale. for CyHiNOCI: N, 5.7. 
Found: N, 5.8, 5.81 per cent. 

The hydroxylamine (5 g) was dissolved in cold 
sulfuric acid (100 cc, 40 per cent) and stirred for two 
hours under nitrogen. Azoxycompound was filtered 
off and the filtrate neutralized with ammonium car- 
bonate as above. The precipitated aminophenol had 
mp 163-4°C after washing with water and drying. 
Analysis: Cale. for C;HsNOCI: N, 8.9. 

Found: N, 8.91, 8.88 per cent. 

The Schiff base from 2-chloro-3-methyl-4-amino- 
phenol and benzaldehyde was obtained in quantita- 
tive yield and had mp 95-96°C after crystallization 
from ethanol. 

Analysis: Cale. for CyHy,NOCI: N, 5.70. 
Found: N, 5.85, 5.86 per cent. 


Discussion OF RESULTS 


Most of the present experiments on the effect oi 
conditions on products were carried out using 2 
chloro-6-nitrotoluene (IV). This compound has been 
reduced before (7) in strong sulfuric acid to give 4 
very small yield of aminophenol and considerable 
sulfonated material. In the present experiments the 
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only -ignifieant products were the aminophenol (V) 
and the amine (VI). Some tarry material resulted if 
the amount of nitrocompound was high. 

Effect of amalgamation of cathode.——In dilute sul- 
furic acid at 80-90°C, in agreement with the findings 
of Dey and collaborators (6) the addition of mercury 
salts raised considerably the yield of aminophenol 
using a brass, nickel, monel, or copper cathode. With 
the last this was from 21 to 58 per cent. This experi- 
ence along with other data for the reduction of com- 
pounds such as acetone, cinnamic acid, crotonic 
acid, sorbie acid, etc., suggests that the behavior of 
such surface-amalgamated cathodes resembles very 
nearly what is obtained at pure mercury. Copper 
seems to be the best since, apparently, the mercury 
forms a more continuous surface layer. It is consid- 
ered that the effect of amalgamation is due to the 
conversion of the metal surface into something akin 
to mercury rather than a ‘catalytic’ influence of 
added salts as envisaged by the Indian authors (6). 

Surface amalgamation of a medium or low over- 
voltage cathode such as copper must have the effect 
of raising cathode potential. The role of overpotential 
in reduction has been envisioned (8) as attracting 
polar molecules to the metal surface. For nitrocom- 
pounds any increase in overpotential will result in 
attraction for the more polar nitrocompound rather 
than the less polar hydroxylamine intermediate. Since 
the metal surface is well covered in efficient reduc- 
tions such as these, the result of added electrostatic 
attraction will be to displace hydroxylamine by nitro- 
compound. The hydroxylamine thus loses opportu- 
nity to be reduced and undergoes rearrangement in- 
stead. It will be realized that reduction only proceeds 
in the neighborhood of the cathode surface whereas 
rearrangement, which is acid catalyzed, takes place 
throughout the solution. 

Agitation. Rotation of the cathode.—Effective stir- 
ring has frequently been recommended in electrolytic 
reduction to increase current efficiency. When this 
happens it is evident that the process is controlled 
by diffusion which is speeded up by agitation. Law 
(8) appreciated this long ago. Since most of the de- 
polarizer deficiency arises in the so-called diffusion 
layer, which may be as much as 0.05 em thick, the 
most effective way to speed up diffusion, and with it, 
efficiency, is to rotate a circular cathode so that 
maximum shear occurs nearest the metal-liquid in- 
terface. This was done by Plump and Hammett (9) 
in their studies with ethyl iodide and by McKee and 
Gerapostolou (10) in the reduction of nitrobenzene. 
Moreover, as speed of rotation increases, efficiency 
should also inerease until a limit is attained beyond 
which further increase in speed has no further effect. 
This is known to be true for the reduction of azo- 
benzene (11). 


The effect of rotation of the cathode was studied 
in the present investigation. Current efficiency was 
already at least 90 per cent with a stationary cathode, 
and rotation caused it to rise to virtually 100 per cent. 
Rotation (2500 rpm), however, caused an unexpected 
rise in the yield of aminophenol and a corresponding 
drop in that of the amine. With copper, for example, 
aminophenol rose from 21 to 37 per cent; when amal- 
gamated, the corresponding figures were 58 (aux- 
iliary glass stirrer) and 73 per cent. As the speed of 
rotation increased, yield rose at first rapidly but then 
remained sensibly steady at 64 per cent between 1000 
and 2000 rpm. A further rise occurred up to 2500 
rpm. This relationship is shown in Fig. 1. In the re- 
mainder of the present experiments with a rotating 
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Fic. 1. Influence of speed of rotation of amalgamated 
copper cathode on yield of aminophenol from 2-chloro-6- 
nitrotoluene (10 g nitrocompound in 350 ml 20% sulfuric 
acid, cathode area 4.08 dm?, current 11 amp, 60°C). 


cathode the speed was arbitrarily set at 2500 rpm. 
It was impossible with the present apparatus to study 
higher speeds and keep liquid and electrode in con- 
tact. 

Since the catholyte consisted of a suspension of 
liquid nitrocompound in sulfuric acid the influence 
of rotation on both efficiency of reduction and yield 
of aminophenol might have been due to variations in 
the degree of mechanical dispersion. This was shown 
not to be the case by carrying out reduction in homo- 
geneous solution when changes of degree of disper- 
sion are not possible. In alcoholic sulfuric acid solu- 
tion using amalgamated copper, rotation at 2500 rpm 
raised the yield of aminophenol from 17 to 33 per cent. 
The low yields are due to ether formation. In a me- 
dium containing sufficient acetic acid to render the 
mixture homogeneous, rotation raised the figure from 
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55 to 80 per cent. When the electrode was stationary 
an auxiliary stirrer was always employed since this 
was essential to maintain an intimate mixture of ni- 
trocompound and electrolyte. Such auxiliary stirring 
does, of course, have an effect in the same direction as 
that obtained by rotating the cathode but of a much 
smaller magnitude. Thus with the most violent auxil- 
iary stirring which could be employed, yield of 
aminophenol rose to 58 per cent compared with 75 
per cent when the cathode was rotated. 

The effect of high speed rotation on efficiency of 
reduction is undoubtedly due to speeding up the 
movement of organic molecules to and from the 
cathode so that their reduction becomes favored over 
hydrogen evolution. It should be remembered that 
the discharge of hydrogen ions is not, under these 
conditions, controlled by diffusion. The increase in 
the yield of aminophenol at the expense of amine 
caused by stirring may be explained as follows. In- 
termediate hydroxylamine either is reduced further 
or rearranges, and the ratio of products will be de- 
termined by the relative speeds of the two reactions. 
Rearrangement is acid catalyzed and depends on the 
strength of acid but is independent of the cathode. 
Reduction on the other hand is dependent on the 
cathode and since an organic molecule being reduced 
must attain a certain proximity to the cathode sur- 
face for an adequate period of time it follows that re- 
duction will become less possible the shorter the time 
spent by the hydroxylamine in the neighborhood of 
the cathode. Striring will decrease this period of time 
by increasing the speed of diffusion of hydroxylamine 
molecules away from the electrode. In effect, if sur- 
face concentration has any real meaning, rotation, 
like increase in potential caused by amalgamation, 
raises the ratio of nitrocompound to hydroxylamine 
on the surface. 

Temperaiure.—Experiment showed that with both 
stationary and rotating cathodes, increase of tempera- 
ture raised both current efficiency and yield of amino- 
phenol by an appreciable amount. Gattermann and 
Kaiser (12) found also when using concentrated sul- 
furic acid that inerease of temperature favored 
aminophenol. In the present experiments using a 
stationary amalgamated copper cathode with auxili- 
ary stirrer, a rise of temperature from 50 to 90°C in- 
creased efficiency from 88 to 99 per cent and yield of 
aminophenol from 43 to 58 per cent. The effect on 
efficiency must undoubtedly be due to the influence 
of increased temperature in speeding up diffusion; 
the effect on yield of aminophenol has to be sought 
in the greater facilitation of rearrangement over fur- 
ther reduction of the hydroxylamine. The change 
with temperature was also evident with a rotating 
electrode. If it be assumed that under these condi- 
tions the surface concentrations are in equilibrium 
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with the bulk of solution, increase in yield of ::mino. 
phenol may mean favored rearrangement cue ty 
either a higher energy of activation or a decveased 
surface concentration of hydroxylamine compx red ty 
that of nitrocompound or both. Above about 60°¢ 
yield of aminophenol did not rise much further, 

Acid strength—Yield of aminophenol rose wit) 
acid strength at both rotating and stationary elec. 
trodes. Thus with rotating amalgamated copper an 
increase of acid from 5 to 30 per cent changed yield 
of aminophenol from 50 to 75 per cent. Increase to 
40 per cent acid did not further change aminopheno! 
appreciably. The effect of acid is undoubtedly on re- 
arrangement since it is unlikely that it affects redue- 
tion much. This is supported by the absence of any 
great dependence of electrode properties such as over- 
voltage on acid strengta (13) although, in the polaro. 
graph, dependence of ease of reduction on pH is fre- 
quently evident. 

It is of especial interest from the preparative stand- 
point that better results are obtained using dilute 
acid at elevated temperature rather than strong acid 
at low temperature. It must be that increase of tem. 
perature enhances the relative rate of rearrangement 
more than reduction of acid strength depresses it. 
Using weaker acid also prevents sulfonation, some- 
times a serious side reaction in the earlier work. 

Current density—With a stationary amalgamated 
copper cathode, the yield of aminophenol rose to 4 
maximum (58 per cent) at 1 amp/dm? and then fel! 
progressively, to 31 per cent at 4 amp/dm*. Over the 
same range, efficiency dropped from 97 to 80 per cent. 
When the same cathode was rotated both yield and 
efficiency remained sensibly constant at 70 and 100 
per cent respectively. The relationship between yield 
and current density is illustrated in Fig. 2. With the 
present equipment it was not possible to study cur- 
rent densities much higher than 4 amp/dm*. Anal- 
ogous results were obtained with an amalgamate! 
monel cathode but, with plain copper, yield of amino- 
phenol fell as current density was increased evel 
when the cathode was rotated. This effect with plain 
copper is not easily explained nor is the initial rise o! 
the curves in Fig. 2, but in a broad way the results 
are adequately interpreted as an effect of rotation in 
speeding up diffusion. 

Surface depletion of nitrocompound means lowered 
reduction efficiency, an effect more noticeable at 4 
stationary electrode and high current density. 10 
addition, failure to remove hydroxylamine rapidly 
from the cathode means a greater chance of further 
reduction and a consequent drop in yield of amino- 
phenol and increase in that of the amine. 

With adequate rotation of an amalgamated 
cathode, control of the reduction process by diffusion 
is completely removed and rate of reduction to hy- 
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droxyumine is determined solely by the current. 
Movement of nitrocompound to, and hydroxylamine 
from, (he surface becomes so much faster than either 
reduction or rearrangement that, to all intents and 
purposes, distribution equilibrium of these two com- 
pounds between solution and cathode surface is main- 
tained even up to high current densities. Since rear- 
rangement is acid catalyzed, independent of cathode 
and probably a first order reaction with respect to 
hydroxylamine, it follows that, in order to maintain 
the ratio of aminophenol to amine independent of 
current density as required by Fig. 2, the ratio of the 
concentrations of hydroxylamine on the surface and 
in the bulk of solution must remain independent of 
current density. This is in keeping with the existence 
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Fic. 2. Effect of current density on yield of aminophenol 
from 2-chloro-6-nitrotoluene at a stationary and at a 
rotating amalgamated copper cathode (10 g nitrocom- 


pound in 350 ml 20% sulfuric acid, cathode area 4.08 dm?, 
60°C). 


of the equilibrium proposed above. Since efficiency 
remains at 100 per cent and amine and aminophenol 
are the only significant products, it also follows that 
concentrations both on the surface and in solution 
will bear a linear relationship with current density. 
It wouldsbe an interesting investigation to check this 
point by estimating the concentration of hydroxyl- 
amine in the bulk of solution at various current den- 
sities and nitrocompound concentrations. 

Assuming that at high speeds of cathode rotation 
both nitroeompound and hydroxylamine are parti- 
tioned between solution and the diffusion layer in 
something approaching equilibrium conditions, the 
relative rates of reduction of the two entities need 
lot simply be related to their relative concentration 
on the surface, and consequently by a factor to 
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their relative concentrations in solution, that factor 
being the ratio of partition coefficients. It is quite 
likely that both potential and some specific effect of 
the metal surface will enter the picture. In order to 
explain the effect of amalgamation it has already been 
assumed that the raised potential increases the sur- 
face concentration of nitrocompound at the expense 
of hydroxylamine. However, until more is known 
about the “specific” effects of a cathode and the ef- 
fects of potential other than on surface concentra- 
tions, it is a tempting assumption to relate relative 
rates of reduction determined by product formation 
to relative surface concentrations and to imagine the 
electrons transferred in unit time being divided be- 
tween the entities on the surface in proportion only 
to their surface concentrations. * 

Effect of changing nitrocompound concentration.— 
One simple corollary of what has just been said is 
that if nitrocompound concentration in solution were 


TABLE I. Reduction of various nitrocompounds to amino- 
phenols at a rotating amalgamated monel cathode 
(10 g nitrocompound in 350 ce sulfuric acid (20%). Current 
density 2.7 amp/dm? 90°C) 


Yield of aminophenol (%) 


Nitrocompound re’ 

Rotating | Stationary | Dey eé/ al. 

cathode cathode* (6) 
2-Chloro-6-nitrotoluene..... .| 72 46 
4-Chloro-2-nitrotoluene..... .| 82 44 
o-Nitrotoluene 74 5 46 
o-Nitrochlorobenzene. . 76 50 29 
2,5-Dichloronitrobenzene. . 72 44 — 
Nitrobenzene 4 Fe 72 57 55-60 


* Auxiliary glass stirrer. 


raised, and by so doing its concentration in the diffu- 
sion layer were enhanced, then aminophenol forma- 
tion would increase. Experiment showed, however, 
that with a rotating amalgamated copper cathode, 
yield of aminophenol (per cent) decreased as nitro- 
compound (g) in the electrolyte was increased, as 
follows—85 per cent (10 g); 79 per cent (20 g); and 
72 per cent (30 g). It was also shown that amine re- 
mained sensibly constant at 8.5, 7.9, and 8.5 per cent 
yield, respectively, the difference being accounted for 
by increased tar (azo-and-azoxy-compounds) forma- 
tion. These facts indicate the following explanation. 
Since the nitrocompound is insoluble in the catholyte 
no matter how much is added, its concentration in 
solution, and consequently on the surface, will not 
change. Furthermore, hydroxylamine in solution is 
further partitioned between solution and liquid nitro- 
compound acting as extraction solvent. The more 
nitrocompound there is, the more hydroxylamine will 
be present in the organic phase. Azo- and azoxy-by- 
products are known to result by reaction between 
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nitrocompound and hydroxylamine and this reaction 
will, therefore, be favored by large amounts of insolu- 
ble nitrocompound. 

Aminophenols from other nitrocompounds.—The op- 
timum conditions for reducing 2-chloro-6-nitrotolu- 
ene to aminophenol were applied to a series of nitro- 
compounds with excellent results. The data together 
with yields obtained by the Indian workers are col- 
lected in Table I. 

It is of interest th-.t with diffusion control, yield of 
aminophenol is lower with the bigger molecules. 
When diffusion control is absent (rotating cathode) 
the yields from all the nitrocompounds are approxi- 
mately the same. Could this indicate that the sur- 
face-solution partition coefficient depends essentially 
on the nitro-group and not the rest of the molecule? 
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The Rate of Corrosion of Silver in 


Ferric Perchlorate 


Solutions" ’ 


V. Kine Frances 8S. LANG 


Department of Chemistry, New York University, New York, New York 


ABSTRACT 


Silver dissolves much more slowly in ferric perchlorate and nitrate than in ferric 
sulfate solutions. A detailed study of the rate in perchlorate solutions has been made, 
with the effect of concentration of ferric, ferrous, and silver ions, of other salts includ- 
ing sulfates, and of stirring speed, temperature, and electrical polarization. Two 
factors are responsible for the difference in rates: (a) silver perchlorate is more strongly 
adsorbed on silver than silver sulfate is, and (b) a sulfato-ferric complex ion reacts 
more rapidly than the normal hydrated ferric ion. Spectrophotometric evidence is 
given for the existence of the sulfato-ferric ion. 


INTRODUCTION 


Much work in this laboratory on metal dissolution 
rates has been devoted to the study of conditions 
under which the metal reacts rapidly without forma- 
tion of adsorbed or insoluble films and, consequently, 
diffusion of reagent to the metal surface is rate con- 
trolling. A study of the dissolution of silver in ferric 
salt solutions was undertaken for several reasons. No 
insoluble -films are formed ordinarily, but the rate 
is too low to be diffusion controlled (1). The reaction 

Ag + Fet*+*+ = Agt + Fe** (I) 
reaches a measurable equilibrium, and the influence 
of the back reaction might be studied. The reversible 
potentials of Ag—Ag* and Fe+*+—Fe*** electrodes are 
of similar magnitudes and rates might be correlated 
with potential differences. 

It was actually found in ferric-ferrous-silver sulfate 
solutions that adsorption of the various ions is the 
principal rate-controlling factor (2). The rate was 
found to be much higher in ferric sulfate than in fer- 
ric nitrate or perchlorate solutions; the present study 


in perchlorate solutions was made to find the reasons 
for this difference. 


EXPERIMENTAL 


Pure silver (99.97%) cylinders were rotated in 500 
ml of solution, at controlled temperatures and speeds 
as described before (2). Stock solutions of the best 
commercial reagents were standardized and diluted 
lo prepare mixtures. Perchloric acid was added to the 
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ferric and ferrous solutions and its molar concentra- 
tion in the final dilute solutions was always one half 
that of the ferric perchlorate. 

Five silver cylinders were used. Their dimensions 
were 2.0 cm diameter x 1.5 em and changed very 
little during the entire work. The cylinders were 
polished with very fine emery paper before each run 
after it was shown that etching or electropolishing 
gave identical rates. The rates were followed by 
weight loss, which was reproducible to 0.1 or 0.2 mg. 
Solutions containing several hundredths molar ferric 
perchlorate or an appreciable concentration of silver 
ions gave rates which decreased rapidly with time, 
and for this reason most runs were of two-minute 
duration. Weight loss varied from 70 mg down to 0.1 
mg or less in two minutes, and for the lowest rates 
longer time intervals were necessary. Rates are re- 
ported in grams X 10~ per cm? per min. 

Adsorption measurements were made by rotating 
bottles containing 10 grams of precipitated silver and 
25 ml of solution in a thermostat. The solutions were 
filtered through sintered glass, and aliquots titrated 
with standard KBr solutions with Rhodamine 6G 
indicator. Detailed adsorption experiments will be 
reported later. 

Potentials given are for the silver cylinder vs. a 
platinum electrode immersed in the solution. Small 
springs insured contact between the silver and the 
motor shaft extension, and a mercury cup was 
mounted on the top of the motor shaft. Potentials 
were measured with a student type potentiometer. 

In the polarization experiments a dry cell was used 
to pass current between the silver and a large plat- 
inum electrode. The current was measured with a 
calibrated milliammeter, and the imposed potentials, 
which were all less than one volt, were measured with 
a vacuum tube voltmeter. Reversible potentials were 
not measured. 
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|| 


DaTA AND COMMENTS 


Rotational speed.—Fig. 1 shows the dissolution rate 
in ferric perchlorate solutions compared to the rate 
in ferric sulfate. At a peripheral speed of 300 em sec™! 
the rate in the ferric sulfate solution used is about 
half that to be expected for diffusion control (2). The 
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Fic. 1. The effeet of rotational speed of silver cylinders 
at 30°C, 
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Fic. 2. Determination of activation energies in per- 
chlorate solutions. Rotational speed—4000 rpm. 


curves for ferric perchlorate probably indicate the 
presence of concentration gradients at the metal sur- 
face, with diffusion playing a small role. 
Temperature coefficients.-Rates were measured at 
various temperatures in two solutions: (a) 0.05M 
ferric perchlorate alone, and (b) in a solution contain- 
ing enough ferious and silver ions to make the rate 
very low at 20°C. Fig. 2 shows the rate logarithms 
plotted vs. 1/T. The activation energies are (a) 
11,500 cal and (b) 19,500 cal, respectively. These 
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values are much larger than for diffusion-coitrolje 
rates. 

Acid and salt additions.—There was no change j 
weight when a silver cylinder was rotated in 0.) 
perchloric acid for two hours, and concentrations oj 
the acid up to 0.3.M did not affect the rate in 0,05) 


TABLE I. Effect of sulfates on the rate at 30°C, 4000 rpn 


0.03M Fe(C\0,),, 


0.03M Fe(ClO4)s 0.005M AgClO, 


Sulfate 
em~? min“! 0.2 
= 2.4 H.SO,, 0.01M 
Na.SO,, 0.01M 6.9 — 
0.02M\ 9.8 0.00254 
0.04M 13.0 
H.SO,, 9.01M 10.8 0.47 


0.036M 13.9 NaSO,,0.01M 14.3 


0 005M Fe(ClOs)s, 0005M Fe(ClOs)o, 
0.003M AgClo, 


€ZnSO\,M emf, volts R 
0 0.060 | <0.01 
0.01 .053 | 0.37 

.05 .023 .53 


-OS .019 .64 


Fe** ALONE 


E, VOLTS 


° 
| Ac* ALONE 


Ac’ WITH 
Fer* | 


i 


0.02 0.04 0.06 
CONC OF Fe** AND Ag, M 


Fic. 3. The potential of silver vs. platinum in 0.05! 
ferric perchlorate with addition of ferrous and silver pe’ 
chlorates. 30°C, 4000 rpm. 


Fe(Cl0,)5. Sodium and zine perchlorates up to 0.1) 
had little effect. Sulfates have an enormous effe«, 
as shown in Table I. While ZnSO, increases the ¢i- 
solution rate, it decreases the potential. 
Electromotive force measurements. —With a rotatili 
silver cylinder and a platinum wire electrode im 
mersed in ferric perchlorate solution, the silver * 
normally anodic. Variation of rotational speed ba 
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little or no effect on the measured emf; the latter de- 
creases With time, especially in solutions containing 
silver ions originally. 

As shown in Fig. 3, addition of ferrous perchlorate 
to 0.05.M ferric perchlorate reduces the emf normally, 
hut addition of silver perchlorate has a much greater 
effect. In these solutions the emf becomes zero with 
present, whether ferrous ion has been 
added or not, and larger additions reverse the polar- 
itv of the cell; no silver is precipitated in the solution. 
With 0.01M ferrie perchlorate, the emf approaches 
zero at about 0.02M Ag*, again with or without the 
addition of ferrous ion. 

Adsorption of silver perchlorate on silver.—Measure- 
ments are given in Table II. When reciprocals of 
equivalents and concentrations are plotted, a line 
with small curvature is obtained (approximation to a 
Langmuir isotherm). The saturation value is ob- 
tained by extrapolation. The precipitated silver used 


TABLE IL. Adsorption of silver perchlorate on silver at 25°C 


Equiv. per gram X 106 


0.0087 2.44 
0.0186 4.42 
0.0260 5.47 
0.0681 7.68 
0.0877 8.22 


(x) (10.10) 
had an apparent area of 500 + 5 cm? per gram, as 
measured with a microscope; the saturation adsorp- 
tion is then 202 equivalents’ per 

Similar analysis of the adsorption of silver nitrate 
on silver sheets, measured by Rudberg and von Euler 
(3), gives90 X 10-'° equivalents per em*. These val- 
lues correspond to multilayer adsorption; experi- 
ments in progress indicate that monolayer adsorp- 
tion may be obtained under suitable conditions, and 
details will be described elsewhere. 

There was no detectaLle adsorption of ferrous per- 
chlorate when experiments were carried out in the 
same Way. 

Polarization of the silver—A silver cylinder rotat- 
ing in 0.01M Fe(ClO,); was subjected to anodic and 
cathodic polarization as shown in Fig. 4. Corrosion 
by the solution, aside from faraday dissolution, dis- 
appears at an anodic current density of 15 ma/em?. 
The “difference effect” (decrease in free corrosion due 
to the current) is linear with current density. Except 
for details, this is similar to the result found by 
Streicher (4) with aluminum in 0.3N NaOH. 

The gradual disappearance of free corrosion may 
be due to stepwise polarization of local elements on 


‘| has been proposed by Dean (14) that the adsorption 


uni’ | X 10-!° moles/em? be called the Gibbs. 
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the silver surface, but the total effect is to raise the 
reversible potential to a point where the silver can 
no longer reduce ferric ions, or the positive surface 
charge becomes sufficient to repel ferric ions com- 
pletely. 

The difference effect under cathodic polarization 
may be called cathodic protection (4). Sufficient 
cathodic potential brings the metal into a “domain 
of passivity” as defined by Pourbaix (5); that is, the 
bare surface is stable thermodynamically without the 
presence of silver ions or silver compounds. Ad- 
sorbed silver ions are discharged, any silver ions 
formed are redeposited, and ferric ion is reduced by 
the current. At small cathodic current densities there 
is an increase in corrosion from 1.20 to a maximum 


O.01M Fe (Cu | 
30°, 4000 RPM 
B 
z FS 
= 
° 
x 
2 
-40 ° 40 80 120 
CATHODIC CURRENT, MA ANODIC 


Fic. 4. The corrosion of silver when externally 
polarized. 


of 1.36 X grams min“, no doubt due to 
partial neutralization of the normal positive charge 
on the silver, leaving more bare surface for reaction. 

Evidence for a sulfato-ferric complex,—There is in- 
direct evidence that ferric ion forms a stable complex 
with sulfate ion, such as the fact that excess sulfate 
ion destroys the color of the complex with thiocy- 
anate (6), and there is direct evidence in the absorp- 
tion measurements of von Kiss, Abraham, and Hege- 
diis (7). To obtain more information the absorption 
curves shown in Fig. 5 were measured. Each solution 
contained | X 10-*M ferric ion and 5 10°°M 
added hydrogen ion; the anion was changed from 
ClO, in curve A through mixtures in curves B-C-—D 
to SO; in curve E. Measurements were made with 
a Beckman DU spectrophotometer. The extinction 
coefficients plotted are apparent molar values based 
on the total ferric concentration. 

The absorption from 220-260 muy in curve A, Fig. 
5, is due to hydrated Fe*** and hydrated FeOH**, 
and the band at 270-320 mu is due to the ion FeOH**. 
Most investigators have been unduly concerned 
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about further hydrolysis and formation of colloidal 
ferric hydroxide; for example, Rabinowitch and 
Stockmayer (8) calculated the extinction of FeEOH*++ 
from measurements in strongly acid ferric perchlo- 
rate solutions. However, Olson and Simonson (9) 
found no further hydrolysis in dilute Fe(ClO,); with 
— 0.002M HClO, present and their calculated values 
for FeOH** agree well with the experimental curve 
in Fig. 5. Brénsted and Volquartz (10) considered 


RATIO SO«: Ci O4 
A o-! 
8 
2=—3 
9) 
E 


° 

or 

2 2 

w 
220 260 300 340 


WAVELENGTH, My 


Fic. 5. Molar extinetion coefficient of 10°‘M Fett* 
solutions as perchlorate, sulfate, and mixtures of the two, 
with 5 X 10-°M H*. A curve for a ratio of 4-1 falls between 
D and E. 


the hydrated Fe*** ion in ferric nitrate to behave as 
a monobasic acid up to a considerable degree of 
ionization: 


Fe(H,O),+** H.O + H,0*. 


Replacing perchlorate by sulfate increases the ab- 
sorption over the whole range shown and eliminates 
the transmission maximum at 260 mu. A new ionic 
species is evidently present, having larger extinction 
coefficients than FeOH*+*. The low concentrations 
used suggest that this is the ion FeSO,*, probably in 
hydrated form. 

The rate as a function of concentrations.—The rate 
equation derived previously (2) can be applied to 
solutions of ferric perchlorate alone and with addi- 
tions of silver and ferrous perchlorates: 
— Ce 


+ + — 


In this equation FR is the dissolution rate, c, c2, and 
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are molar concentrations of silver, ferrou-, 
ferric ions, respectively, and the k’s are cotstants 
which are determined experimentally. The constants 
vary with temperature and with rotational speed, 
and were determined only for 30°C and 4000 rpm 
(peripheral speed 419 em sec™'). 

The method of determining rate constants from 
the data was discussed in the previous paper (2), 
Values of k; and k; are found from rates in ferri¢ per. 
chlorate alone and are given in Table IIT, with q 


TABLE III. The rate of solution of silver in ferric perchlorate 
solutions at 30°C, 4000 rpm. R in g XK em=* min”, 
k, = 161 g X 10~ liters moles“! em™ min™, 
k; = 30.6 liters moles“. 


R, obs. | 

0.005 0.70 | 0.70 
0.01 1.24 | 1.23 
0.02 1.96 | 2.00 
0.03 2.44 | 2.52 
0.05 3.18 3.18 
0.06 3.50 | 3.40 
0.08 3.78 3.73 
0.10 3.98 3.97 
0.20 4.52 4.52 
0.30 4. 4.73 


TABLE IV. The effect of silver perchlorate on the rate o/ 
solution of silver at 30°C, 4000 rpm 
k, = 800 liters moles™', k; = 9.4 105 liters? moles”. 


0.05M Fe*** 0.08M Fe*** 

CAgt,M R, obs. R, calc. CagtM R, obs. R, calc. 
0 3.18 3.18 0 3.78 3.73 
0.0005 | 2.70 | 2.70 | 0.001 2.39 | 2.48 
0.001 | 1.80 | 1.88 0.0025 1.382 | 1.14 
0.0015 1.17 1.38 0.47 0.42 
0.0025 0.80 0.76 | 0.006 0.32 | 0.31 
0.0035 0.44 0.48 | 0.0075 0.21 0.21 


0.004 0.37 
0.005 0.28 | 
0.006 0.16 | 0.19 | | 
0.007 0.11 | 0.15 | | 
0.008 0.05 | 0.12 | 


0.39 | 0.009 | 0.16 | 0.15 


© 


comparison of observed and calculated rates. Values 
of ky and ks are found from experiments in which sil- 
ver perchlorate is added to the ferric perchlorate. 
Table IV gives these constants with observed and 
calculated rates. The rate becomes too low to meas 
ure accurately with more than 0.01M silver ion 
present. A very large part of this inhibition is due to 
the ci term in equation (II). 

The effect of ferrous perchlorate was somewhat et- 
ratic and difficult to measure accurately. It is pro- 
nounced at low temperatures and disappears at high 
temperatures, as shown in Table V. 

Observed and calculated rates with ferrous pet 
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B hlorate at 30°C are given in Table VI. The term in 
| in equation (LI) is negligible and an average value 
of ks from seattered points must be chosen. 
When much silver ion is present the effect of small 
famounts of ferrous ion becomes almost negligible. 
The rates are very low and precise only to one or two 
figures. Some rate values in mixed solutions are given 
in Table VIL. In attempting to determine the con- 


TABLE V. The effect of ferrous perchlorate on the rate of 
solution of silver in 0.083M Fe(ClO,);, 4000 rpm 


R, grams cm™? X 104 


| 
| 16.5°C 40°C 50°C 
0 1.12 5.1 7.3 
0.005 0.95 4.8 7.4 
0.01 0.76 4.9 7.4 
0.02 0.76 5.0 7.1 
0.03 0.68 5.0 7.4 


TABLE VI. The effect of ferrous perchlorate at 30°C, 4000 


rpm 
ke = 10 liters moles™!, k; = 0. 
0.05M Fe*** 0.08M Fet** 
R, obs. R, calc. | R, obs. R, calc. 
0 | 3.50 | 3.41. | 3.7 3.74 
0.01 3.50 3.29 3.78 | 3.63 
0.03 | 3.20 3.05 | 3.78 3.44 
0.06 2.80 3.30 3.18 
0.08 — 3.00 | 3.08 


TABLE VIL. The rate in solutions containing ferrous, ferric, 
and silver ions at 30°C, 4000 rpm 


ke = 0, ks = 0. 
Cret+M CAg*,M R, obs. R, cale 
= 
0.05 0.02 | 0.007 0.15 | 0.15 
0.05 | 0.03 0.009 0.09 0.09 
0.05 | 0.04 0.009 0.09 0.09 
0.03 | 0.01 0.007 0.09 0.09 
0.05 | 0.01 0.010 0.08 0.08 
0.05 | 0.01 0.005 0.26 0.27 


stants ke and kg [see reference (2): equation (XI) and 
Fig. 10] it is found that the function F is very erratic; 
it can be concluded that ke and ks are both negligible. 


Discussion 


The rate equation.—Equation (Il) may be derived 
by making the following assumptions. (a) Ferric ion 
is not adsorbed, but reacts when it encounters a bare 
silver atom. (b) The back reaction may occur when 
a silver ion strikes an adsorbed ferrous ion, or vice 
Versa. (¢) Silver and ferrous ions formed by reaction 
are not desorbed instantly. Then 


R = kes (1 — 6) — — kc, (11a) 
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A; = Ac (1 + a’R (IITb) 
02 = axe (l — 0) + (IIIc) 


where 6, and 6, are fractions of the surface covered by 
adsorbed silver and ferrous ions, respectively, 6 = 
6, + 2, the k’s are rate constants, and the a’s are 
adsorption constants. When these equations are 
solved, equation (IT) is obtained. 

The constants are made up as follows: 


k=k ks = k’a,a”’ 
ke = + ke = a2 + 
ks=k(a’ +a") ky = 
ky = a + 


kg = k’aca’ + kaa”. 


The rate and other data indicate that a, and k” are 
very small under the conditions used. The terms in 
ke, kr, and kg vanish because they contain a2 and k’’ 
and because the square or product of low concentra- 
tions is small. 

The importance of the terms k,c; and ksci indicates 
that most of the back reaction occurs between silver 
ions and newly formed ferrous ions. With numerical 
values for ky and ks it should be possible to solve for 
a, and k’a’’, and the fact that imaginary values are 
obtained shows that the assumptions made are ap- 
proximations. The same anomaly appears in the 
previous work with sulfate solutions (2). 

The values of ky and ks can be adjusted until a solu- 
tion is possible without causing much discrepancy be- 
tween observed and calculated values in Table IV, 
but any possible value of a, would give an unreason- 
able ratio between 6, and | — @ in equation (IIIb). 
Table II shows that at 0.01LM AgClO,, less than one 
third the maximum adsorption has been reached, and 
the rate must be low because of back reaction. The 
difficulty may arise from lack of a term in equation 
(II) for reaction between adsorbed silver and ad- 
sorbed ferrous ions. 

In solutions containing only ferric perchlorate ini- 
tially, all terms in ¢ and c, are dropped from the 
rate equation. Nevertheless, inhibition arises from 
the formation of silver and ferrous ions, which results 
in the presence of a’ + a’”’ in ks. 

The fact that the term kecc, vanishes does not 
mean that the rate of the back reaction is negligibly 
small. All terms in ¢; and c, contain k’ or k’’, the rate 
constants of the back reaction. Forward and back- 
ward rates cannot be separated as suggested previ- 
ously (2). 

It is useful to compare the constants found for the 
perchlorate solutions with those for sulfate solutions 
(2). Expressed in the same units, k; is about one third 
as large; this represents reaction per unit area of bare 
silver and a real decrease in the specific rate constant 


- 
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k of equation (Illa). Whether or not local areas of 
different potential are present, the greater surface 
charge and the higher charge of hydrated Fe*+*+* com- 
pared with FeSO,* result in only one third as many 
collisions, or effective collisions, with the surface. The 
remarkable effect of added sulfates (Table I) is to 
increase k, because of decreased electrostatic repul- 
sion. 

The value of k; is about twice as great in perchlo- 
rate solutions. This must be due to a larger value of 
a’ in equation (IIIb); in addition to greater adsorp- 
tion of silver perchlorate the silver ion formed in the 
reaction is desorbed more slowly. 

The constants ky and ks are about 22 and 1000 
times as large as in the sulfate system, which again 
reflects the greater adsorption of silver perchlorate. 
On the other hand ks, dependent on the adsorption 
of ferrous ion, is about the same, and k; is unimpor- 
tant in either case. 

The equilibrium constant.—The equilibrium con- 
stant for reaction (1), in terms of activities, can be 
calculated from the standard electrode potentials: 


0.028 


0.059’ 


Ky = 0.336. 

The equilibrium constant in terms of concentrations, 
K.., should approach Ko as the ionic strength of the 
solution approaches zero. K,. has been determined by 
Noyes and Brann (11) and by Shaw and Hyde (12) 
for nitrate solutions, by equilibrating solutions of 
ferric nitrate with silver. Their values of K, ranged 
from 0.06 to 0.120 depending on the total concentra- 
tion. 

When the emf of the cell considered in Fig. 3 
reaches zero, the ion ratio C 4,+Cpe++/Cye+++ should 
be equal to the equilibrium constant K, if both elee- 
trodes measure the reversible emf corresponding to 
the solution composition. The platinum electrode 
probably behaves normally, but the slowly dissolving 
silver electrode, partly covered with adsorbed silver 
and ferrous ions, apparently reaches the potential of 
the platinum electrode before equilibrium is attained. 
The values of the ion ratio in solutions made up to 
give zero emf, or obtained by extrapolation to zero 
emf, are 0.006 to 0.02, and are too small to be consid- 
ered equilibrium values for the solutions used. The 
probable variation in K, with ionic strength has been 
described previously (13). 

The potentials reported were measured within a 
few minutes after immersing the electrodes. While 
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they do not drift rapidly with time, they nv doy) 
represent a state of very slow change with respect ty 
the bulk of the solution. 

Temperature coefficients.—The measured ra tes 
be divided into four factors which can be affected }y 
temperature changes. (a) Chemical reaction take 
place on the bare surface and (b) contains a consid. 
erable electrostatic component. The area availa) 
for reaction is limited by (c) the equilibrium adsorp. 
tion of silver ion and (d) slow desorption of ions 
formed. The activation energy of (a) must be very 
low since the measured rate can approach diffusion 
controlled values; the effect of electrical repulsioy 
would decrease at higher temperatures because of the 
higher kinetic energy of the ions, but this effect would 
not be large. Rudberg and von Euler (3) found yo 
significan\: difference in the adsorption of silver jj- 
trate on gold between 0° and 50°C and we may as. 
sume little temperature effect on (c). The rate of 
desorption of the ions formed (d) will, however, be 
increased at higher temperature. 

It may be concluded that the activation energies 
found are mainly those of the desorption process. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1953 issue of th 
JOURNAL, 
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A Potentiometric Study of the Interaction of Zine Ions with 


Sodium Silicates'’ 


J. Frep Hazer, Wattace M. McNass, E. Macuemer’® 


Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 


ABSTRACT 


Zine sulfate, zine chloride, and zine nitrate were titrated potentiometrically with 
standard solutions of sodium hydroxide and various sodium silicates. The potentio- 
metric curves with sodium hydroxide showed inflections equal to between about 75 
and 100 per cent of the zine present depending on the nature of the anion in the system. 
The titration curves obtained with the silicates showed points of inflection at 100 to 110 
per cent equivalents depending on the silica content of the silicate. Chemical analysis 
revealed that the amount of silica in the precipitate was variable but increased with 
the silica content of the titrant. The shift of inflection points past 100 per cent equiv- 
alents of base indicated that the precipitates were more basic than corresponds to the 
formula Zn(OH)>. It is suggested that a basic film formed on the surface of zine in the 
presence of silicate may serve as an inhibitor to the aqueous corrosion of this metal. 


INTRODUCTION 


Sodium silicates are used extensively for inhibition 
of corrosion in water systems. Stericker (1) has re- 
viewed the early work of Speller (2), Thresh (3), and 
others in the application of silicates to this field of 
metal protection. It is generally agreed that the 
addition of the inhibitor causes a thin protective 
film to form on the surface of the metal. 

In a recent report by Lehrman and Shuldener (4), 
evidence was presented for the mechanism by which 
protective films form on galvanized and yellow brass 
pipes with the addition of sodium silicate. An inter- 
action between zine hydroxide and sodium silicate 
was indicated clearly by the experiments. It was 
found that silica was not removed from water con- 
taining added sodium silicate unless the solid corro- 
sion products of the metal were formed. In other ex- 
periments in which solid metal hydroxides were 
shaken with dilute sodium silicate solutions it was 
shown that zine hydroxide had a strong capacity for 
removing silica from the aqueous solution and ex- 
ceeded both cupric and ferric hydroxide in this be- 
havior. These authors were of the opinion that zine 


‘Manuseript received November 19, 1951. The experi- 
mental data were presented before the Washington Meet 
ing, April 8 to 12, 1951. 
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An 


early patent (5) dealing with the removal of silica 


— ater makes use of the affinity of silica for zine hy- 
GTOX 


hydroxide removed silica in a colloidal form by an 
adsorption process and that no compounds of zinc and 
silica were produced under the conditions of their 
experiments. 

Hoxeng (6) has studied the electrochemical be- 
havior of zine and steel in the presence of various 
electrolytes. It was found that silicates shifted the po- 
tential of zine in the anodic direction without affect- 
ing the potential of steel. Thus, the tendency of the 
zinc-steel couple to reverse was decreased (a reversal 
would be expected to accelerate corrosion of the 
steel). The protective effect of silicate was attributed 
to “film formation on the local zine cathode areas 
resulting in cathodic polarization.” This important 
observation can be accounted for on the basis of the 
adsorption of silica by zine hydroxide. 

Solutions of sodium silicates contain an excess of 
hydroxy! ions due to hydrolysis. These alkaline elec- 
trolytes may be used to neutralize acids or precipi- 
tate metallic ions of weak bases. Removal of hydroxy] 
ions from the hydrolytic equilibrium by either of 
these processes results in a drop in pH and the poly- 
merization of the silicic acids formed by hydrolysis. 
The degree of polymerization becomes so great at 
pH values below about 8 or 9, depending ona number 
of factors (7), that the system may turn into a rigid 
gel. It is not surprising, accordingly, that chemical 
analysis of the insoluble products of the interaction 
of metal ions with sodium silicates has always indi- 
cated a varying amount of silica in the precipitate 
(8-13). Thomas and Johnson (14) have suggested 
that mutual coagulation of oppositely charged col- 
loids is in the formation of silicate precipitates. 

The present study was undertaken to give informa- 
tion on the interaction between zine ions, which may 
be regarded as the initial corrosion product of zinc, 
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and sodium silicates. Since zinc ions hydrolyze to 
produce acid, the reaction with alkali silicates occurs 
at sufficiently low pH values to insure a favorable 
medium for polymerization of silicic acids. In order 
to establish more clearly the effect of colloidal silica 
on the reaction, sodium silicates of different sodium 
oxide-silica ratio as well as sodium hydroxide were 
used as titrants. Different zinc salts were employed 
for the purpose of observing the effects of the pres- 
ence of different anions on the reaction. The nature 
of the anion is known to have an effect on the rate of 
polymerization® of silicie acid (7, 15). The anion also 
affects the composition of the product obtained in 
the titration of zinc ions with sodium hydroxide. Zinc 
sulfate yields a titration curve with the break occur- 
ring after about 75 per cent of the zinc has been neu- 
tralized, corresponding to the formation of the basic 
salt, 3Zn(OH).- ZnSO, (16-18). Zine chloride shows 
less tendency to form basic salts* when titrated with 
sodium hydroxide. With this salt, inflections have 
been reported by various authors as occurring at 100 
per cent (19, 20, 22), and at 92 per cent equivalents 
of base (18, 21). 

The only potentiometric titration of zine salts with 
alkali silicates listed in the literature was reported by 
Britton (23). He compared the conditions for the 
start of precipitation when zinc sulfate was titrated 
with sodium hydroxide and with a 2.16 ratio sodium 
silicate. It was found that precipitation began at a 
pH of 5.20 with sodium hydroxide and at a pH of 
5.25 with the silicate suggesting that the initial reac- 
tion products were similar. 


(XPERIMENTAL 


Potentiometric titrations-—-A Beckman Model H 
pH meter equipped with a Beckman Type E glass 
electrode was employed. The electrode was calibrated 
daily against 0.05M potassium hydrogen phthalate 
buffer (25-27), 0.05M phosphate buffer (28), and 
0.01M borate buffer (28). Occasionally, a saturated 
potassium hydrogen tartrate solution (29) was used 
as a check buffer. During the preliminary experi- 
ments the pH of each buffer solution was determined 
with a hydrogen electrode, the potential being meas- 
ured with a Leeds and Northrup Model 7661-A1 po- 
tentiometric assembly. 

During the titrations, successive pH readings were 


5 Systems formed by mixing sodium silicate with hydro- 
chlorie acid gel faster than systems formed with sulfuric 
acid under the same conditions of pH. 

* There is evidence that the composition of the products 
depends on the conditions under which they are formed. 
Britton (24) has stated that the faster sodium hydroxide is 
added to zine sulfate the more nearly the precipitate cor- 
responds to the formula Zn(OH)s. Nasanen (22) found that 
the basic salts, which formed during the titration, were 
converted by excess alkali to zine hydroxide. 
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taken at 1 or 2 minute intervals until a steady yaly. 
was obtained. Often more than 10 minutes aid o¢cq,. 
sionally 30 minutes were required to attain a constay 
PH reading. 

Materials.—The silicates used were commercia| 
products of known characteristics shown in Table | 


TABLE I. Composition of sodium silicates 


| Molec- 
ular | 
Silicate NaxO | NagO: | Source 
/0 4/0 | SiO» 
| ratio 


Sodium ortho- | 
silicate...... | 61.6 | 29.5 


2:20.99 Penna. Salt 
| | Mfg. Co. 
Sodium meta- | | 
silieate...... 29.5 | 28.7 | 41.4 (11.00 Phila. Quart, 
| Co. 
“EK” Brand....| 8.7 | 27.7 | 62.951:3.29| Phila. Quartz 
| | | 


Co. 


0 20 40 60 80 100 
mi of 0.10I5 N NoOH 


Fig. 1. Potentiometric titration of zine sulfate with 
sodium hydroxide. Curve A—50 ml of 0.04N ZnSO, titrated 
with 0.1015N NaOH; curve B—25 ml of 0.4N ZnSO, titrated 
with 0.1015N NaOH; curve C—25 ml of 0.AN ZnSO, ti- 
trated with 0.1N NaSO,; curve D—25 ml of ZnS), 
titrated with distilled water. 


All other chemicals used in the work were C. P. 
Analytical grade. The concentration of standard zine 
solutions was determined by precipitation of the zinc 
as the sulfide, by ignition to the oxide, and by weigh- 
ing (30). 

The basie strength of the silicate solutions was de- 
termined by titration with standard acid. 

Zine sulfate with sodium hydréxide.—Fig. | shows 
the results of titrating zine sulfate with sodium hy- 
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droxide. The inflection at 75 per cent equivalents of 
hase agrees With data of other investigators (16-18). 

Zine sulfate with silicates.—The results of titrating 
0.4N zine sulfate with various silicates are shown in 
Fig. 2. The point of inflection shifted from 75 per 
cent equivalents with sodium hydroxide to 100.2, 104, 
and 109 per cent equivalents of base as the silica con- 
tent of the titrants increased. The shift of the in- 
flection point past 100 per cent equivalents of base 
is a measure Of the amount of free base adsorbed by 
the precipitate. 

The effect of silica on the titration of zine sulfate 
with sodium hydroxide is shown, also, in Fig. 3. 
Each curve involved the titration of 10 milliequiva- 
lents of zine sulfate with a predetermined volume of 


2 6 8 10 
Milli-equivalents of Base 


Fic. 2. Potentiometric titration of 0.4N zine sulfate 
with different sodium silicates. Curve A—0).1015N NaOH; 
curve B—0.0954N Na,SiO,; curve C—0.1012N Na,SiO;; 
curve D—0.0955N ‘‘E’’ Brand sodium silicate. 


0.1N sodium metasilicate followed by titration to 
completion with 0.1N sodium hydroxide. The point 
of inflection moved progressively from approximately 
75 per cent equivalents to 104 per cent equivalents as 
the amount of sodium metasilicate was increased 
from 0 to 100 per cent. 

The effect of the amount of sodium metasilicate 
on the point of inflection in terms of percentage 
equivalents is shown in Fig. 4. It is evident that the 
inflection occurred at about 100 per cent equivalents 
When the sodium metasilicate amounted to 50 per 
cent of the titrant. This result is in accord with the 
point of inflection obtained with sodium orthosilicate, 
Fig. 2, in which the ratio of sodium oxide to silica is 
also 2 to 17 


* The analytical implication that the orthosilicate, or a 
50 pr cent mixture of metasilicate and sodium hydroxide, 
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In the titration of zine sulfate with the 3.29 ratio 
silicate (““E” Brand), Fig. 2, the precipitate settled 
slowly and this was attributed to the peptizing effect 
of adsorbed colloidal silicic acid present under these 
conditions. The peptizing effect is illustrated further 
by curve A in Fig. 5 which shows a typical precipita- 
tion plateau although no visible precipitate was 
formed. This curve was obtained by titrating 50 ml 
of 0.04N zinc sulfate acidified to pH 2, with 0.1056N 


50 60 70 80 90 100 
mi of Base 


Fig. 3. Double titrant titration curves, 25 ml of 0.4N 
zine sulfate with 0.1N NaSiO; and 0.1N NaOH. 


Curve 
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silicate. When the zinc concentration was increased 
to 0.1N an opalescent suspension was obtained after 
approximately 12 per cent of the precipitation pla- 
teau had been transgressed. This same titration was 
repeated by adding the sodium silicate rapidly, and 
no precipitate was formed. When 10 ml of acidified 
0.4N zine sulfate was titrated, precipitation occurred 
after 23 per cent of the precipitation plateau had 
been surpassed. At the same time the system showed 
a strong tendency to gel. The titration curve is shown 


might be used for the volumetric determination of zine has 
not been investigated fully at this time. 
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in curve B, Fig. 5. These titrations demonstrated the 
colloidal nature of the products formed by the inter- 
action of zine ions with the soluble silicates. When 
excess acid was present in the zine sulfate, neutrali- 
zation by the soluble silicate resulted in the forma- 
tion of a large amount of colloidal silicic acid before 
the precipitation plateau was reached. The silicic acid 
sol acted as a protective colloid and prevented the 
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Fic. 4. Effeet of NaSiO,/NaOH ratio on point of in- 
flection in titration of 0.4N ZnSO,. 


| T 1 | T if T if 
8 
pH 
6 
4 
2 
20 40 60 80 
mi of O!056N "E” Brand Sodium Silicate 
Fic. 5. Potentiometric titration of zine sulfate with 


“‘E”’ Brand sodium silicate. Curve A—50 ml of 0.04N ZnSO, 
acidified to pH 2 titrated with 0.1056N sodium silicate; 
curve B—10 ml of 04N ZnSO, acidified to pH 0.8 titrated 
with 0.1056N sodium silicate. 


agglomeration of primary particles along the precip- 
itation plateau. No visible precipitation took place. 
As the zine concentration was increased the protec- 
tive action of the colloidal silica was overcome. How- 
ever, by fast addition of sodium silicate, the protec- 
tive action was extended because the zone of least 
stability of the silica sol was rapidly transgressed. 
Effect of other colloidal materials.—The effect of 
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other colloids on the point of inflection in th, titra. 
tion of zine sulfate with sodium hydroxide \\ as ob. 
served. Curve A in Fig. 6 illustrates the norms titra. 
tion curve. Curve B and curve C show the eect o/ 
adding 0.3 g of gelatin and 0.3 g of powdere: silieg 
gel respectiveiy to 25 ml samples of 0.4N zine sulfate 
prior to titration with sodium hydroxide. Curve }) 
was obtained by neutralizing 20 ml of 0.5N sodium 
metasilicate with 0.2N sulfuric acid to pH 5.5. Twen- 
ty-five ml of 0.4N zine sulfate was added and thp 
clear solution titrated immediately with sodium hy. 
droxide. Curve E shows the titration with sodium 
metasilicate and is included for purposes of com. 
parison. 


60 80 100 
mi of Base 
Fic. 6. Potentiometric titration of O0.4N zine sulfate. 


Curve A—25 ml ZnSO, with 0.101I5N NaOH; curve B 
0.3 g gelatin added to 25 ml ZnSO, before titration with 
0.1012N NaOH; curve C—0.3 g silica gel added to 25 m! 
ZnSO, before titration with 0.1012N NaOH; curve D 
25 ml ZnSO, added to silicic acid sol before titration with 
0.1012N NaOH; curve E—25 ml ZnSO, with 0.1010) 
NaeSiOs. 


Potentiometric titration of other zine salts.—To de- 
termine the effect of other anions on the potentio- 
metric titration of zine with sodium hydroxide and 
the sodium silicates, solutions of zine nitrate and 
zinc chloride were used. Results paralleled those ob- 
tained with zine sulfate except that definite basic salt 
formation did not occur when sodium hydroxide was 
the titrant. The curves for the titration of zine - 
trate with sodium hydroxide and the sodium sili: 
cates are shown in Fig. 7. 
tained with zine chloride. 

Analysis of the product.—The compositions of the 
insoluble reaction products were determined indi- 
rectly by analysis of the supernatant liquids for silica. 
sulfate, and zine. 

Three reaction systems were studied. Fig. 8 sows 
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the results of analyses obtained with the zinc sulfate- 
dium hydroxide system. Curve A shows the sulfate 
eontent of the liquid in millimoles in relationship to 
the percentage equivalents of sodium hydroxide. 
Curve B in the same figure shows the zinc concentra- 
tion, Which is essentially zero at 78 per cent equiva- 
lents of sodium hydroxide. The minimum at 75 per 


0 20 40 60 80 100 120 
per cent Equivalents of Base 


Fic. 7. Potentiometric titration of zine nitrate. Curve 
\—25 ml of 0.4364N Zn(NO;). titrated with 0.1008N 
NaOH; curve B—25 ml of 0.4364N Zn(NOs3)2 titrated with 
).0967N Na,SiO,y; curve C—25 ml of 0.4364N Zn(NO,): 
titrated with 0.1015N NaSiO;; curve D—25 ml of 0.4364‘ 
titrated with 0.1044N “E” Brand 


T 


20 30 40 50 60 70 
per cent Equivalents of Base 
Fic. 8. Interaction of zine sulfate with sodium hy- 
droxide—liquor analysis. Curve A—sulfate; curve B—zinc. 


cent equivalents in curve A indicates that sulfate was 
displaced from the precipitate above the point of in- 
lection in the potentiometric curve, and the basic 
sulfate was unstable at high pH values. 

Fig. 9 shows the results of analyses obtained with 
the zine sulfate-sodium metasilicate system. Curve 
‘ indivates that sulfate was not part of the precipi- 
tate. Curve B and curve B’ show the actual and 
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theoretical silica content in the liquid, assuming that 
hydrated zine oxide was precipitated. Curve C shows 
that all the zine was precipitated at 100 per cent 
equivalents of base. 

In Fig. 10, results of the analysis of the zinc sulfate- 
(“E” Brand) sodium silicate system are given. The 
large amount of silica exerted considerable peptizing 
action on the precipitate and caused a large error in 
the zine and silica analyses. The sample at 50 per 


Milimoles 


0 10 20 30 40 50 60 70 80 30 

per cent Equivalents of Base 
Fig. 9. I) eraction of zine sulfate with sodium meta- 
silicate— analysis. Curve A—sulfate; curve B— 
silica; cur B’—theoretical silica; curve C—zine. 
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per cent Equivalents of Base 
Fic. 10. Interaction of zine sulfate with “E” Brand 
sodium silicate—liquor analysis. Curve A—sulfate; curve B 
—silica; curve B’—theoretical silica; curve C—zine; curve 
C’—theoretical zine. 


cent equivalents of base was centrifuged at about 
1500 rpm for 15 minutes which decreased the ‘“‘solu- 
ble” silica 56 per cent and the “soluble” zine 17 per 
cent. The zine remaining in solution after centrifug- 
ing was equal to the theoretical amount indicated by 
curve C’. The mole ratios of zine oxide to silica are 
not constant, and, therefore, do not indicate the 
formation of a zine silicate of definite composition. 
It may be concluded from the analytical data that 
the precipitate consisted of hydrated zine oxide, with 
variable amounts of silica. 
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An attempt to identify the reaction products by 
powder x-ray analysis was unsuccessful. All precipi- 
tates formed by the interaction of zine salts with the 
various soluble silicates vere amorphous. The pre- 
cipitate formed with zine sulfate and 75 per cent 
equivalents of sodium hydroxide was crystalline but 
the intensity and calculated distances of the prin- 
cipal lines did not agree with published data for 
either zine sulfate or zine hydroxide. 


DISCUSSION 


As noted above, the reaction product of zinc sul- 
fate with sodium hydroxide contained sulfate in 
an amount corresponding to the basic sulfate, 
3Zn(OH).-ZnSO,. On the other hand the results of 
the analyses shown in Fig. 9 and 10 indicate that 
the reaction products of zine sulfate with silicates 
contained no sulfate. Since the latter precipitates did 
contain silica, there is no indication of interaction 
between sulfate ions and silicate. These facts are 
expressed in the following schematic equations. 

Zine sulfate with sodium hydroxide 


3Zn(OH).-Zn** + SO = 3Zn(OH).-ZnSO, (1) 
Zine sulfate with sodium silicates | 


XZn(OH).-Zn SO, + 2H,0 + Silicate 


Polymerized | 
= (X + 1)Zn(OR); - | Silicate + 


Although these systems are complex, the effect of 
the presence of silicate is to produce complete hy- 
drolysis of zine ions (as implied in the second equa- 
tion), a behavior consistent with the fact that silicic 
acids are very weak. Since these acids also are in- 
soluble and colloidal, mutual adsorption with the 
oppositely charged zinc hydroxide (or “hydrous zine 
oxide”’’) polymer occurs. 

In order to insure complete reaction between zinc 
and hydroxyl ions, 0.5 moles of silica per mole of 
zinc was necessary (Fig. 2 and 4) when sulfate was 
the anion. Further increase in the amount of silica 
caused a relatively slight but definite shift in the 
point of inflection. This amounted to approximately 
10 per cent equivalents of base in the titration of un- 
acidified 0.4N solutions of zine salts when the 3.29 
ratio silicate (“E”’ Brand) was used. The shift of 
inflection is a measure of the amount of hydroxyl 
ion adsorbed, or occluded, by the silicious precipi- 
tate. This result gives a possible clue concerning the 


* Jordis (8) has observed that particles of silica formed 
by acidifying sodium silicate show an alkaline reaction 
with methyl orange adsorbed on the surface long after the 
solution has become acidic. 
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protective action of silicates on zine surfaces, Thy 
rate of corrosion of zinc is low in weakly alkaline 
solutions, i.e., in the pH range 7 to 12.5 (31). A pro. 
tective film formed on zine by addition of sodiyn 
silicate to water would be more alkaline than thy 
surrounding medium due to the adsorption or oecly. 
sion of hydroxy! ions. The film would have greate; 
protective action under these conditions because jt. 
pH would tend to be in the range of lowest corrosioy 
rate. 

There is evidence that the adsorption of silic, 
occurs on zine hydroxide surfaces under a wide vari- 
ety of conditions (4-6), therefore, it would appea: 
that the interaction may take place more or less iy. 
dependently of the electrical sign of the surfaces oy 
of their exact chemical composition (the aqueous 
corrosion product of zine may vary somewhat iy 
composition). When silicate and zine hydroxide are 
polymerized together, a copolymer may be formed. 
On the other hand, addition of silicate to a pre- 
formed zinc hydroxide surface may result in chemi- 
sorption of the silica as proposed by Lehrman and 
Shuldener (4). The presence of silica covering the 
local cathode areas of zine as indicated in the work 
of Hoxeng (6) can be explained on the basis oi 
chemisorption of silica. The cathodic polarization 
which results might be expected to be enhanced by 
free base in the film (32). 

Silicates containing a high proportion of silica r- 
acted with the zinc ions without the formation of « 
precipitate, although the usual precipitation plateau 
of zine hydroxide was exhibited by the potentio 
metric curve (Fig. 5). The peptizing action was most 
pronounced when an excess of silicic acid was pres 
ent. In the treatment of water with silicates to re- 
tard the corrosion of pipes, peptization of the protec- 
tive film would not be very marked because of the 
low concentration of silicate employed under suc 
conditions. 


SUMMARY 


1. Zine sulfate, zine chloride, and zine nitrate were 
titrated potentiometrically with standard solutions 
of sodium hydroxide, sodium orthosilicate, sodium 
metasilicate, and a more silicious silicate correspond: 
ing to the composition, NasO-3.29 

2. The titration curves obtained in titrating 2iN¢ 
ions with silicates showed points of inflection at 1” 
to 110 per cent equivalents of base depending 0! 
the silica content of the silicate. 

3. The amount of silica in the precipitates was 
variable but increased with the silica content of the 
titrant. 

4. The shift of inflection points past 100 per cen 
equivalents of base, as was encountered in the cas 
of the silicates, indicated that the precipitates wert 
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